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Abstract

The group of halogenated greenhouse gases comprises chlorofluorocarbons (CFCs), hydrochloro-
fluorocarbons (HCFCs), hydrofluorocarbons (HFCs), chlorocarbons (e.g. CCl,), bromocarbons (ha-
lons, CH3Br) and several other fluorinated gases (e.g. SFe, NF3). They are mainly used for applica-
tions such as refrigeration, air conditioning, foam blowing, and as solvents or propellants. Although
they are satisfying the market’s specific requirements, all of these substances are contributing to
climate change and the chlorine and bromine-containing substances additionally destroy ozone in
the stratosphere. As a consequence both, the Montreal Protocol and the Kyoto Protocol are aiming
at reducing the emissions of these compounds. The Montreal Protocol by totally banning emissive
uses of ozone-depleting substances and recently by also including a reduction scheme for HFCs.
The Kyoto Protocol by including fluorinated gases into the basket of compounds to be reported as
emissions by each country on a yearly basis. Country emission reports are based on so-called bot-
tom-up inventories that are produced by combining emissions factors for individual processes with
statistical information on their activity. This approach may involve relatively large uncertainties due
to uncertain or missing data on source activities and related emission factors. In addition, the bot-
tom-up estimate inhibits the potential weaknesses of omitting important source processes altogether,
leading to incompleteness and underreporting. Therefore in recent years, top-down approaches,
which combine atmospheric measurements with atmospheric transport and chemistry models, have

been used in support of bottom-up inventories.

As part of this study we performed two measurement campaigns in the Mediterranean, where until
now no long-term measurements of halogenated compounds have been available. These campaigns
provided the basis for the first top-down emission estimates of halocarbons of several industrialized
and densely populated Mediterranean regions. The first campaign was performed in the Eastern
Mediterranean at Finokalia (Crete) in 2012-2013. By combining measurements from Finokalia,
Jungfraujoch, Mace Head and Mt. Cimone with meteorological transport models, emissions from
cities and industrialized regions in Greece, Turkey and Egypt could be estimated. Emissions of the
groups of analysed HFCs (HFC-134a, HFC-125, HFC-152a, HFC-143a) and HCFCs (HCFC-22,
HCFC-142b) were estimated at 14.7 (6.7-23.3) Tg CO.eq yr* and 9.7 (4.3-15.7) Tg CO.eq yr™,

respectively for the Eastern Mediterranean region. These findings account for a ~17% and ~53%
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share of total European domain emissions as derived from our top-down assessment. The compari-
son with bottom-up emission inventories from these countries showed a good agreement for most
compounds, except for large discrepancies for HFC-152a, for which UNFCCC reported emissions
from Greece were more than a factor of four larger than our top-down estimate. The second cam-
paign was performed at the high-mountain site Pic du Midi (French Pyrenees) in 2013-2015, where
emissions related to densely populated areas in Spain and in France could be assessed. An inverse
estimate of total HFC-134a and HFC-125 emissions from the Iberian Peninsula was relatively in-
sensitive to utilisation of the additional measurements from Pic du Midi in addition to those from
the three existing sites at Jungfraujoch, Mace Head and Mt. Cimone. However, a more detailed spa-

tial allocation could be achieved when using the Pic du Midi observations.

Many halocarbons in the atmosphere are not monitored on a regular basis, as they have never been
produced in large quantities and for this reason emissions are assumed to be negligible. Therefore,
an additional key contribution of this thesis was the detection of previously unreported atmospheric
halocarbons. It was possible to detect HCFC-31 (CH,CIF) in the atmosphere for the first time
world-wide. Northern hemispheric records showed that HCFC-31 concentrations were peaking in
2012 at ~170 ppq (parts-per-quadrillion, 10™°) and decreasing afterwards. The measured mole frac-
tions were used in a global 12-box model to estimate global peak emissions of 840 t yr™ (+90 t yr?)
in 2011. The origin of the atmospheric HCFC-31 could be traced to emissions from the industrial
production of HFC-32 (CH.F,). In this large-scale process hydrofluoric acid (HF) is used to ex-
change the chlorine atoms in dichloromethane (CH,Cl,) with fluorine. However, if the conversion is
not complete, HCFC-31 is formed as a by-product. In recent years, global HFC-32 production has
been rising continuously. Therefore, the recent decline in emissions of HCFC-31 could point to im-

provements in the production process.

This study shows the potential of the combination of measurements and meteorological transport
models to act as an early warning tool for newly emitted gases and to estimate regional scale emis-
sions in regions with limited information on emissions factors and activity data. In future, with ap-
plication on the global scale, this could contribute to building trust between different countries re-

lated to their relative greenhouse gas emission inventories.
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Zusammenfassung

Die Gruppe der halogenierten Treibhausgase umfasst Fluorchlorkohlenwasserstoffe (FCKWs), teil-
halogenierte Fluorchlorkohlenwasserstoffe (HFCKWs), Fluorkohlenwasserstoffe (HFKWs), Chlor-
kohlenstoffe (z.B. CCl,), bromierte Kohlenstoffe (z.B. Halone, CH3Br) und eine Vielzahl anderer
fluorierter Gase (z.B. SFs, NF3). Diese Substanzen werden hauptséchlich in Kihlanlagen, Klimage-
raten, Schaumstoffen, sowie als Losungs- oder Treibmittel eingesetzt und erfullen die dabei an sie
gestellten Anforderungen der Industrie perfekt. Allerdings tragen sie auch zur Klimaénderung bei
und die mit Chlor und Brom versehenen Verbindungen sind zusétzlich in der Lage stratosphérisches
Ozon abzubauen. Als Konsequenz dieser Umweltgefahren wurden internationale Abkommen wie
das Montreal Protokoll und das Kyoto Protokoll ausgearbeitet, deren Ziel es ist, die Emissionen
solcher Substanzen zu reduzieren. So wurde der Ausstoss und der Gebrauch von ozonabbauenden
Substanzen unter dem Montreal Protokoll verboten und erst kirzlich ein Reduktionsplan fir die
Benutzung von Fluorkohlenwasserstoffen verabschiedet. Im Rahmen des Kyoto Protokolls hinge-
gen missen die Emissionen gelisteter Treibhausgase, die auch fluorierte Verbindungen umfassen,
jahrlich von den jeweiligen L&ndern rapportiert werden. Diese sogenannten bottom-up Inventare
beruhen auf der Kombination von Emissionsfaktoren von spezifischen Prozessen und deren Ak-
tivitat. Wegen unsicherer oder fehlender Daten Uber quellenspezifische Aktivitaten und deren Emis-
sionsfaktoren ist dieser Ansatz jedoch fehleranfallig. Zusatzlich kénnten wichtige Quellen Uberse-
hen werden, was zu unvollstdndigen und unterschatzten Emissionszahlen fihren wirde. Um diese
klassischen bottom-up Inventare zu unterstiitzen und zu validieren wurden deshalb in den letzten
Jahren top-down Methoden verwendet. Dabei werden Messungen der Mischungsverhaltnisse der
untersuchten Substanzen in der Atmosphéare kombiniert mit atmosphérischen Transportmodellen,

um deren Emissionen abzuschatzen.

Im Rahmen der vorliegenden Arbeit wurden zwei Messkampagnen im Mittelmeerraum durchge-
fuhrt, wo bis anhin keine Langzeitbeobachtungen von halogenierten Substanzen existierten. Zum
allerersten Mal konnten dadurch die Emissionen halogenierter Kohlenwasserstoffe aus mehreren
industrialisierten und stark bevolkerten Regionen im mediterranen Raum abgeschatzt werden. Die
erste Kampagne fand zwischen 2012 und 2013 im 6stlichen Mittelmeerraum in Finokalia (Kreta)

statt. Durch die Kombination der erhobenen Messungen mit einem meteorologischen Transportmo-
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Zusammenfassung

dell konnten Emissionen von Stédten und industrialisierten Regionen in Griechenland, der Turkei
und Agypten quantifiziert werden. Jahrliche Emissionen der analysierten HFKWs (HFKW-134a,
HFKW-125, HFKW-152a, HFKW-143a) und HFCKWs (HFCKW-22, HFCKW-142b) wurden fur
den Ostlichen Mittelmeerraum auf 14.7 (6.7-23.3) Tg CO,eq beziehungsweise 9.7 (4.3-15.7)
Tg CO.eq geschatzt. Das entspricht einem Anteil von ~17% und ~53% an den totalen top-down
Emissionen des untersuchten Europaischen Raums. Fur die meisten Substanzen wurden die bottom-
up Inventare durch die Analyse gestitzt, ausser fur HFKW-152a wo gréssere Abweichungen fest-
gestellt wurden. So waren die von Griechenland rapportierten Emissionen um mehr als Faktor 4
hoher als die durch unsere top-down Methode ermittelten Werte. Eine zweite Messkampagne wurde
von 2013 bis 2015 auf der hochalpinen Station Pic du Midi (Franzdsische Pyrenden) durchgefihrt.
Dieser Standort ermdglichte uns die Beobachtung und Quellzuordnung von Emissionen aus dichter
besiedelten Gebieten in Spanien und Frankreich. Eine inverse Abschétzung der totalen Emissionen
von HFKW-134a und HFKW-125 ergab, dass die zusitzlichen Messdaten keine grosseren Ande-
rungen an den Emissionsabschéatzungen durch die vorhandenen Messstationen Jungfraujoch, Mace
Head und Mt. Cimone bewirken. Allerdings ermdglicht die Einbindung der Beobachtungen vom

Pic du Midi eine hohere raumliche Auflésung der abgeschatzten Emissionen in dieser Region.

Viele der halogenierten Verbindungen in der Atmosphare werden nicht kontinuierlich Gberwacht,
da sie nie in grossen Mengen als Konsumgut produziert wurden und man deren Emissionen folglich
als vernachléassigbar annimmt. Mit der vorliegenden Studie war es uns mdoglich erstmals weltweit
HFCKW-31 (CH.CIF) in der Atmosphdre nachzuweisen. In der Nordhemisphére zeigten die
HFCKW-31 Messungen einen Hohepunkt der atmosphérischen Mischungsverhaltnisse im Jahr
2012 mit ~170 ppq (parts-per-quadrillion, 10™), sowie einen negativen Trend in den Jahren danach.
Mit Hilfe der Messwerte und einem globalen 12-box Modell wurden in 2012 weltweite Emissionen
von bis zu 840 t (x 90 t) ermittelt. Die Entstehung von atmosphérischem HFCKW-31 konnte auf die
Herstellung des Kuhlmittels HFKW-32 (CH,F;) zuriickgefiihrt werden. Bei der Produktion von
HFKW-32 wird Flussaure (HF) zu Dichlormethan (CH,Cl,) zugefligt, was unter ungentigend kon-
trollierten Prozessbedingungen zur Bildung von HCFC-31 als Beiprodukt fuhrt. In den letzten Jah-
ren hat die Produktion von HFKW-32 laufend zugenommen. Obwohl die Produktion von HFKW-
32 weltweit immer noch zunimmt, wurden nach 2011 abnehmende Emissionen abgeschatzt, was auf

verbesserte Produktionsbedingungen zuriickzufuhren sein konnte.

Die Messungen und Analysen, die im Rahmen dieser Arbeit durchgefuhrt wurden, dienen einerseits

als Frihwarnsystem um die Konzentration von neu emittierten Gasen in der Atmosphare zu tber-
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prifen und dere Quellen zu ermitteln. Andrerseits bietet die Kombination von atmospharischen
Messungen und meteorologischen Transportmodellen eine Mdglichkeit regionale Emissionen abzu-
schatzen — vor allem in Regionen mit limitierten Informationen Gber Emissionsfaktoren und Aktivi-
taten. Auf globaler Basis konnte dies dazu beitragen, das gegenseitige Vertrauen der verschiedenen

Lander in die rapportierten Treibhausgasinventare zu stérken.
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Introduction

Chapter1 Introduction

The atmosphere is a comparatively small entity of the Earth. Therefore, even relatively small emis-
sions of natural and anthropogenic substances can have a considerable influence on its physical and
chemical properties. One group of these substances are the halogenated organic compounds, which
are greenhouse gases and affect the global climate but some of which are also able to deplete the
stratospheric ozone layer. For this reason, measurements of these compounds are of paramount inte-
rest to address relevant scientific questions related to these issues and also inform policy makers
and the general public about their behaviour in the atmosphere.

Greenhouse gases (GHG), such as water vapour and carbon dioxide (CO), are of major importance
for the Earth’s radiative balance, due to their ability to absorb outgoing longwave radiation and emit
it back to the Earth’s surface. Since the start of industrialization, human activities have continued to
affect the Earth’s energy budget by adding GHGs to the system, enhancing their atmospheric levels
to concentrations that are unprecedented in at least the last 800’000 years [IPCC, 2014b]. Although
the complex reaction of the climate system to the additional burden of GHGs is not yet fully under-
stood, there is widely accepted evidence, that the additional energy introduced into the system re-
flects itself through an increase in the average surface temperature, causing further consequences
such as sea level rise or the alteration of the global atmospheric circulation, which may affect the
likelihood of the occurrence and strength of extreme weather events such as heat waves, droughts or
intense rainfall events. The continued increase of GHG concentrations in the atmosphere is predict-
ed to cause further warming and subsequent changes in the Earth’s vulnerable climate system, in-
creasing the likelihood of irreversible impacts on ecosystems and humanity, thus making it one of
the most important topics of today’s society [IPCC, 2014a].

CO; is currently responsible for the largest part of the anthropogenic radiative forcing (1.82 Wm™),
and makes up for most of the anthropogenic GHG emissions together with CH, (methane) and N,O
(nitrous oxide) [IPCC, 2013]. Additionally, synthetic GHGs such as halocarbons and several fluori-
nated compounds (e.g. SFs, NF3) contribute substantially to global warming. Halocarbon is a collec-

tive term for organic substances containing fluorine, chlorine or bromine, which includes ozone
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depleting substances (ODSs) such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs), as well as non-ozone depleting hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and
newer generations’ hydrofluoroolefines (HFOs). These compounds have been used in a wide range
of applications (e.g. refrigeration, air conditioning, foam blowing, solvent usage, aerosol propellants
and fire retardants). An estimated 0.35 + 0.01 Wm™ of direct radiative forcing, are caused by the
major long-lived synthetic GHGs (GHG with lifetimes of at least 1 year and no significant natural
sources). This is equivalent to 19% of the radiative forcing increase due to CO, after industrializa-
tion started [Rigby, et al., 2014].

While most halocarbons are only strong GHGs, because of their persistence in the atmosphere and
their sometimes large greenhouse warming potentials (GWPs), earlier generation halocarbons such
as CFCs and HCFCs in addition contribute to stratospheric ozone depletion. The scientific commu-
nity proposed, that the chemical breakdown of these ODSs in the stratosphere releases chlorine and
bromine radicals which are able to catalytically destroy ozone, leading to the so-called “ozone
hole”, mostly occurring over Antarctica [Molina and Rowland, 1974; Farman, et al., 1985]. These
threatening findings led to the negotiation of the Montreal Protocol, wich regulated ODSs, leading
to the succesful global phase-out of CFCs for emissive uses in 2010, thereby avoiding a predicted
destruction of 67% of the globally-averaged column ozone by 2065 [Newman, et al., 2009]. The
regulations of ODSs by the Montreal Protocol forced the industry to replace CFCs with less harmful
HCFCs used as transitional products. Although a less potent class of ODSs, HCFCs themselves are
regulated by the Montreal Protocol with a less stringent phase-out schedule. They were subsequent-
ly replaced by chlorine-free HFCs, which are no longer harmful to the ozone layer, but some of
them have large GWPs and are very persistent in the atmosphere. Therefore, they are regulated un-
der the United Nations Framework Convention on Climate Change (UNFCCC) and the associated
Kyoto Protocol. Although HFC emissions are still small in comparison to CO, emissions, without
further regulations HFC emissions could have grown to 9-19 % of projected global CO, emissions
by 2050 [Velders, et al., 2009]. However, in the 2016 Kigali Amendment to the Montreal Protocol
it was decided to phase-down the consumption of HFCs to around 15% of their original uses, ac-

counted as CO, equivalents.

The protocols, under which the synthetic halocarbons are regulated, require the participating parties
to quantify their countries’ individual emissions, which are based on statistical data of production,
consumption and destruction figures (bottom-up estimates). Using this method, reporting of ozone
depleting halocarbons under the Montreal Protocol is performed globally and with the exception of
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CCl4 [SPARC, 2016] complies well with global emission estimates, using global box models and
measurements [Carpenter and Reimann, 2014]. In the Kyoto-Protocol, however, bottom-up emis-
sions only have to be reported by industrialized countries, which fails to account for an evergrowing
part of global emissions. Furthermore, reporting to the Kyoto Protocol could carry significant un-
certainties and the danger of incomplete reporting [Levin, et al., 2010; Nisbet and Weiss, 2010;
Keller, et al., 2012; Righy, et al., 2014; Lunt, et al., 2015]. Therefore, to verify these emissions, top-
down approaches, based on atmospheric measurements and atmospheric transport and chemistry
models have been introduced. Besides the validation of reported inventories, these methods have
the additional benefit of being able to provide emission estimates in regions where bottom-up in-

ventories are not available, such as in developing countries.

Combined with global scale box-models, atmospheric observations allow the independent monitor-
ing of global emissions, based on changes in the atmospheric background concentrations [Righy, et
al., 2010; Carpenter and Reimann, 2014; Laube, et al., 2014; Schoenenberger, et al., 2015;
Vollmer, et al., 2015b]. The advances in measurement techniques, both regarding their sensitivity
and the temporal resolution, the increasing resolution of atmospheric transport models, and the in-
crease in available computational power offer the opportunity to use more and more elaborate in-
version methods. These allow the estimation of halocarbon emissions on either continental and
country-level scales, which are then comparable with reported inventories [Manning, et al., 2003;
Stohl, et al., 2009; Kim, et al., 2010; Brunner, et al., 2012a; Brunner, et al., 2012b; Keller, et al.,
2012; Saikawa, et al., 2012; Maione, et al., 2014; Lunt, et al., 2015; Henne, et al., 2016]. However,
the informative value of these estimates is limited by the availability of longer term continuous ob-
servations, the density of the observation networks, and the characteristics of the individual obser-

vation sites [Henne, et al., 2010].

In Europe, the Advanced Global Atmospheric and Gases Experiment (AGAGE) network provides
high-frequency measurements of atmospheric halocarbons at 4 sites: Mace Head (Ireland), Zeppelin
mountain (Norway), Jungfraujoch (Switzerland) and Mt. Cimone (Italy) [Prinn, et al., 2000]. Alt-
hough data from this network have been frequently used to verify Western European halocarbon
emissions [Reimann, et al., 2008; Brunner, et al., 2012b; Keller, et al., 2012], Southern European
regions such as the Iberian Peninsula and Southeastern Europe are underrepresented, making re-
gional estimates based on measurements from the existing AGAGE network very uncertain (Figure
1.1).
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Figure 1.1: Average sensitivity footprint of (a) the existing European AGAGE stations for the time period of both measurement campaigns and (b) for
the AGAGE sites combined with the stations at Finokalia and Pic du Midi during the measurement campaigns.

In addition to reported consumption and uses, halocarbons can potentially be released during indus-
trial production, where halocarbons are used as feedstock and intermediate compounds. Within
these processes, the use of ODSs is still allowed and due to leakage or incorrect factory practice,
non-negligible emissions can occur. In addition, many of these intermediates have never been wide-
ly used in consumer products and are therefore not measured regularly in global observation net-
works. From this vantage point, highly sensitive, state-of-the-art GCMS techniques (see Section
3.1), are an invaluable tool to continuously scan the troposphere for unmonitored halogenated com-
pounds and serve as an early warning system for stakeholders in industry and policy.

In this thesis, all of the above mentioned issues are addressed. We performed an extensive scan of
the troposphere, finding a number of unmonitored compounds including ODSs (e.g. HCFC-31),
anaesthetics (isoflurane, desflurane and sevoflurane) and fourth generation synthetic halocarbons
(HFC-1234yf, HFC-1234ze(E), HCFC-1233zd(E)). | then concentrated on a more detailed analysis
of HCFC-31, an ODS regulated by the Montreal Protocol, without any known consumer applica-
tions. For the first time an atmospheric budget for HCFC-31 was determined and possible emission
sources were identified. Furthermore, the uncovered areas of the AGAGE measurement network
towards Southern Europe were addressed by performing two halocarbon measurement campaigns.
In the first half year campaign, we sampled Southeastern Europe and adjacent Mediterranean re-
gions in Finokalia (Crete). The second campaign, lasting for 1.5 years, was set up on Pic du Midi
(FR), with the aim to survey emissions from the Iberian Peninsula and France. The obtained obser-
vations were then used to attribute regional emission sources, using a Lagrangian Particle Disper-
sion Model (LPDM) and Bayesian inversion methods.
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The thesis is structured as follows: In Chapter 2, a scientific background for the performed tasks is
given. Chapter 3 provides a detailed discussion about the instrumentation and methods used to scan
the atmosphere for unmonitored compounds and the inverse estimation of regional emissions from
the obtained measurements during the campaigns. In Chapter 4, HCFC-31 as one of the detected
unmonitored substances is analysed in detail. First an atmospheric budget history is determined us-
ing measurements from the global AGAGE network and in situ measurements at Empa (Dubendorf,
CH), as well as flask samples from around the globe, including Antarctica. In a second part, possi-
ble sources of HCFC-31 are addressed. Chapter 5 presents the results of the halocarbon observation
campaign from December 2012 - August 2013 in Finokalia (Greece). In combination with continu-
ous observations from the AGAGE sites Jungfraujoch (Switzerland), Mace Head (Ireland) and
Monte Cimone (ltaly), this allows the first detailed halocarbon emission estimate in Southeastern
Europe and gives a first insight into regional halocarbon emissions from adjacent Mediterranean
countries such as Greece, Turkey, Egypt, Jordan and Israel. In Chapter 6, we discuss the halocarbon
measurements collected during 1.5 years at the Pic du Midi research facility, providing additional
insight into emission sources on the Iberian Peninsula and France. All the major findings of this
thesis are summarized in Chapter 7 and conclusions are drawn regarding the top-down estimation of
halocarbon emissions and the ongoing search for new halocarbons in the atmosphere, providing an
early warning system for the industry and decision makers. Additionally this chapter provides an

outlook on suggested future research.
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Chapter 2  Scientific Background

2.1  General Properties of Halocarbons

Halocarbons (halogenated hydrocarbons) are produced from hydrocarbons, by replacing one or
more of the hydrogen atoms by at least one halogen atom. Fluorine and chlorine are the most com-
monly encountered halogens in halocarbons, but bromine, iodine or combinations of any of these

halogens also occur.

The inclusion of halogens in the molecular structure induces polar covalent bonds, which change
the physical and chemical properties of the compound significantly, fulfilling many of the indus-
tries’ requirements. In comparison to hydrocarbons, halocarbons are chemically less reactive, less
flammable, and their increased melting and boiling temperatures cause halocarbons often to be lig-
uid at room temperature. These characteristics, among other compound specific advantages, make
them the industry’s preferred group of compounds for a wide variety of applications such as foam
blowing, air conditioning, solvent use, refrigeration, fire extinction, as propellants or as feedstock
for the production of polymers [Midgley and McCulloch, 1999; Carpenter and Reimann, 2014].

Although halocarbons exist, which have both natural and anthropogenic sources (e.g. methyl bro-
mide (CH3Br) or methyl chloride (CH3Cl) [Rhew, et al., 2000]), the most abundant halocarbons
present in today’s atmosphere are solely man-made. These synthetic halocarbons can be classified
into four generations (Table 2.1). The chlorofluorocarbons (CFCs) are fully halogenated com-
pounds, containing both chlorine and fluorine, and can only be broken down by highly energetic
UV light, only available in the stratosphere. Due to the resulting persistence in the atmosphere and
their high GWP, CFCs are strong greenhouse gases. On top of that, along with other species, such
as brominated halons, as well as CCl, and CH3CCl3;, CFCs are strongly ozone-depleting substances
(ODSs). Hydrochlorofluorocarbons (HCFCs), considered as transitional replacement compounds
for CFCs are structurally similar to their predecessors, despite containing at least one C-H bond.
The hydrogen makes HCFCs susceptible for a faster degradation process with hydroxyl radicals
(OH) in the troposphere, reducing their lifetime. Therefore most of the halogens carried by HCFCs
are prevented from reaching the stratospheric ozone layer. However, HCFCs are still classified as
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ODSs and as strong GHGs as well [Farman, 1990; Harris and Wuebbles, 2014]. Hydrofluorocar-
bons (HFCs), third generation substitutes for CFCs and HCFCs, do not contain anymore chlorine or
bromine, thus having effectively no direct destructive effect on the ozone layer (ODP = 0). Never-
theless, HFCs are still potent GHGs and play a non-negligible role in future global warming
[Velders, et al., 2009; Velders, et al., 2012]. To avert the radiative effect of HFCs, a fourth genera-
tion of synthetic halocarbons (i.e. hydrofluoroolefines, HFOs) with shorter lifetimes and hence low-
er GWPs have been developed recently. However, their stable degradation products, such as tri-

fluoroacetic acid, could still have negative effects on the environment [Henne, et al., 2012].

Table 2.1: Important representatives of four generations of halogenated compounds.

Industrial Chemical Total 100-yr ODP®
Designation Formula Lifetime® GWP?
(years)

1% Generation Halocarbons

CFC-11 CCI3F 52 4’660 1.0
CFC-12 CClLF, 102 11°200 0.73
Carbon CCly 44 1°730 0.72
tetrachloride

Halon-1301 CBrF; 72 6’290 15.2
Halon-1211 CBrCIF, 16 1’750 6.9
Halon-2402 CBrF,CBrF, 28 1470 15.7
2" Generation Halocarbons

HCFC-22 CHCIF; 11.9 1760 0.034
HCFC-141b CH3CCIyF 9.4 782 0.102
HCFC-142b CHsCCIF, 18 1980 0.057
3" Generation Halocarbons

HFC-134a CH,FCF3 9.7 1300 0
HFC-125 CHF,CF; 31 3170 0
HFC-143a CHsCF3 51 4800 0
HFC-152a CHsCHF, 1.6 138 0
HFC-23 CHF; 228 12400 0
HFC-32 CHyF; 5.4 677 0
HFC-365mfc CH3CF,CH,CF3 8.7 804 0
4™ Generation Halocarbons

HFO-1234yf CH,CFCF3 10.5 days <1 0

! Total lifetimes from [Carpenter and Reimann, 2014] (except HFO-1234yf from [Myhre, et al., 2013] and CCl, from

[SPARC, 2016])
2 [Myhre, et al., 2013]

% ODP represents the relative amount of ozone degradation compared to CFC-11 (ODP=1). Figures from [Harris and

Wuebbles, 2014].
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2.2 Environmental Impact of Anthropogenic Halocarbons

Replacing refrigerants considered too dangerous for domestic appliances due to their toxicity and
flammability (e.g. chloromethane, carbon tetrachloride, isobutane, propane), CFCs became the re-
frigerant of choice in the early 20™ century [Midgley and McCulloch, 1999]. In the 1970s, Molina
and Rowland [1974] raised first concerns, that CFCs released to the atmosphere would accumulate
in the troposphere and be transported to the stratosphere, where they would be able to deplete

0zone.

Once migrated to the stratosphere, CFCs are photolysed by highly energetic UV radiation, releasing
chlorine radicals. By cycling between Cl and CIO, chlorine atoms are able to trigger a catalytic loss

mechanism for stratospheric ozone [Molina and Rowland, 1974; Jacob, 1999].

Cl+0;— ClO+ 0, 1)
Clo+0 — Cl+0, 2)
Net:0 + 0; — 20, (3)

Molina and Rowland’s concerns were justified years later, when Farman et al. [1985] discovered a
severe thinning of the ozone layer above the Antarctic continent, later becoming famous under the
term “ozone hole” [Jones and Shanklin, 1995]. This severe ozone depletion is made possible due to
the accumulation of CFC degradation products (HCI, CIONO,) in the polar vortex and the presence
of polar stratospheric clouds (PSCs). PSCs only form under very cold conditions which are consist-
ently encountered over Antarctica during springtime. Due to the heterogeneous reaction site provid-
ed by the PSC, the reservoir species HCI or CIONO,, usually terminating the ozone loss reaction,
can be photolytically converted back to CIO and finally chlorine radicals, allowing an uninterrupted
destruction of stratospheric ozone as soon as the sun rises over the horizon. The depletion of strato-
spheric ozone, which was also observed in the Arctic and on a less severe level in the entire global
stratosphere [Chipperfield, 1991; Stolarski, et al., 1992; Muller, et al., 1997] increases the amount
of harmful UV-B radiation reaching the Earth’s surface, causing severe risks for our health and the
environment by increasing skin cancer, weakening the human immune system, or damaging crops
and natural ecosystems [Molina and Rowland, 1974; Andersen, et al., 2013; Robinson and
Erickson, 2015]. Additionally, it was recognized, that CFCs and HCFCs are highly efficient in ab-
sorbing infrared radiation, leading to a significant impact on global climate when accumulating in
the atmosphere [Ramanathan, 1975; Hodnebrog, et al., 2013].
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As a consequence of the discovery of the ozone hole, caused by CFCs and related compounds (e.g.
halons, brominated species), the Montreal Protocol was established in 1987 and entered into force
in 1989, developing the framework to phase-out the production and consumption of CFCs for emis-
sive uses on a global level. This fostered the development of non-ozone depleting HFCs, which,

however, like their predecessors (e.g. CFCs, HCFCs, halons) may still be strong greenhouse gases.

Greenhouse gases (GHGs) are defined as gases that absorb in the wavelength range where most of
the infrared terrestrial radiation is emitted (5-50 pum). Thereby the internal energy level (vibrational
and rotational transition) of the gas molecule is increased, allowing the molecule to re-emit
longwave radiation. A common metric to define the impact of a greenhouse gas on the Earth’s cli-
mate is the greenhouse warming potential, which combines the gases radiative efficiency (the abil-
ity of the molecule to absorb radiation) and its lifetime, usually expressed as GWP integrated over a
time horizon of 100 years (GWP-100) [Hodnebrog, et al., 2013]. To a large part halocarbons are
very effective GHGs, because they absorb outgoing infrared radiation in a spectral range, where
CO, and water vapour only absorb weakly. This range between 8 and 13 um, is referred to as “at-
mospheric window”, which is of great importance for the definition of the global surface tempera-
ture in the unperturbed state [Jacob, 1999; IPCC/TEAP, 2005; Hodnebrog, et al., 2013; Myhre, et
al., 2013]. Although the Montreal Protocol was able to reduce the accumulation of CFCs and
HCFCs in the atmosphere, averting a possibly strong impact on the future global climate, the re-
placement and growing need of these compounds with ozone safe HFCs, including direct and future
emissions from banks, could have a significant impact on the future radiative forcing [Velders, et
al., 2009; Miller and Kuijpers, 2011; Velders, et al., 2014]. To avoid growing climatic implications
based on CFC substitutes, shorter lived HFCs are developed. However, although the effect on glob-
al climate becomes small, the faster break-down process and wash-out can result in more localized
accumulations of degradation products, which may be environmentally toxic. An example is HFC-
1234yf, discussed as a short lived replacement for the commonly used HFC-134a in mobile applica-
tions. HFC-1234yf is broken down to trifluoracetic acid (TFA), a mild phytotoxin which is able to

accumulate in Earth’s hydrosphere [Henne, et al., 2012].

2.3 Regulatory Treaties for Halocarbons

With the growing acceptance of the Molina-Rowland theory and the evident observation of an ad-
verse effect of CFCs on the ozone layer over Antarctica, the Montreal Protocol was signed in 1987
and entered into force on the 1. January of 1989 [Braathen, et al., 2012; Andersen, et al., 2013]. The
reduction mechanism of the Montreal Protocol is based on clearly defined phase out schedules for

10
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each group of compounds, separately specified for developed (non-Article 5) and developing (Arti-
cle 5) countries. A complete ban of CFCs was due in 1996 in non-Article 5 and 2010 in Article 5
countries, respectively. The phase out of the less harmful HCFCs is less stringent and only began in
1996 in non-Article 5 countries, whereas the freeze and subsequent reduction just went into force in
2013 in Article-5 countries. After step-wise reduction over ~20 years, a complete phase out for this
compound group is planned for 2030 and 2040 for developed and developing countries, respective-
ly. The original treaty and the following amendments have been ratified by 197 nations and became

the first treaty in the history of the United Nations to achieve universal ratification [UNEP, 2016].

As a consequence of the control of ODSs under the Montreal Protocol, observations of anthropo-
genic chlorine and bromine mole fractions in the troposphere and stratosphere are decreasing. As-
suming full compliance with the Montreal Protocol, the ozone layer is expected to recover in com-
ing decades and healing of the Antarctic ozone hole is emerging [World Meteorological
Organization (WMO), 2014; Solomon, et al., 2016]. As suggested from modelling studies, the Mon-
treal Protocol not only avoided a major destruction of the ozone layer until mid-century [Newman,
et al., 2009], but had an additional benefit for the global climate by rapidly reducing the emission of
very potent greenhouse gases into the Earth’s atmosphere. The avoided annual emissions are esti-
mated to 10 Gt CO.eq, corresponding to about five times the annual reduction target of the Kyoto
Protocol for 2008-2012 [Velders, et al., 2007; Velders, et al., 2012].

Due to their sometimes large GWPs, HFCs, used almost exclusively as alternatives to ODSs, are
included in the greenhouse gases regulated by the 1997 Kyoto Protocol. The aim of this internation-
al treaty is to counteract global warming by legally binding participating developed countries (re-
ferred to as Annex-1 countries) to emission reduction targets of a “basket” of greenhouse gases (e.g.
CO,, CH4, N,O, HFCs, some PFCs, SFg). Unlike the Montreal Protocol, the second commitment
period agreed on in 2012 (known as Doha Amendment to the Kyoto Protocol) was only ratified by
71 countries as of October 2016, with large GHG emitters such as the United States not being part
of it [UNFCCC, 2016b]. In comparison to the highly successful Montreal Protocol, emission direc-
tives are not specified on the level of individual compounds, but market-based mechanisms can be
used as an additional tool to meet national reduction targets. This means that emission-reduction
projects implemented by Annex-1 parties in developing countries can earn certified emission reduc-

tion credits, counting towards meeting Kyoto targets for the respective Annex-1 party.

All Annex-1 parties have to annually report statistically estimated emissions (so called bottom-up

emission estimates) to the United Nations Framework Convention on Climate Change (UNFCCC).

11
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Although these emission figures are publicly available, it is suspected that intentional underreport-
ing could take place [Nisbet and Weiss, 2010].

Because HFC projections in business-as-usual scenarios show a large contribution to future climate
forcing, a phase-down would have immediate effects for climate change mitigation due to the rela-
tively high GWPs and short atmospheric lifetimes of these substances (in comparison to CO,). Fur-
thermore, a more stringent regulation of HFCs, which can be viewed as a side-effect of the Montre-
al Protocol, could avoid the build-up of HFC banks in e.g. air conditioners, which could have nega-
tive long-term effects on global climate upon later release to the atmosphere. Therefore, in October
2016, HFCs were included into the Montreal Protocol with varying schemes to effect a phase-down
of the consumption to 15% of the original value. Industrial countries will start first and have a dead-
line until 2036 to reach this goal, whereas the phase-down of developing countries is planned be-
tween 2045 and 2047 (Figure 2.1). Although the Kyoto Protocol controls the emissions of HFCs in
a basket of gases, the Montreal Protocol will be able to regulate production and consumption, al-
lowing preservation of the Montreal Protocol’s climate benefit [Velders, et al., 2009; Velders, et al.,
2012; Andersen, et al., 2013; Velders, et al., 2014].
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20% -
10% o
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- A5 (developing) - Group 1
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| | | | |
2010 2020 2030 2040 2050

Figure 2.1: Phase-down scheme for HFCs according to the 2016 Kigali Amendment to the Montreal Protocol. Dotted lines show the period which is
used to define baseline figures for the respective groups of countries.
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2.4 Observations of Atmospheric Halocarbons

Due to their potential to severely damage the ozone layer and their strong impact on global climate,
the monitoring of CFCs and their substitute compounds (e.g. HCFCs, HFCs) has been essential.
The introduction of the electron capture detector (ECD) in the 1970°s [Lovelock, 1974; Lovelock
and Watson, 1978] facilitated continuous measurements of the low abundance CFCs. Based on this
development, the first in situ global observation network became operational in 1978 within the
Atmospheric Lifetime Experiment (ALE). It provided 4 daily measurements at 5 globally distribut-
ed observation sites (Adrigole (Ireland), Cape Meares (USA), Ragged Point (Barbados), Point
Matatula (American Samoa) and Cape Grim (Tasmania)), which were chosen to ensure sampling of
background levels in clean oceanic air [Prinn, et al., 1983]. This pioneering project was succeeded
by the Global Atmospheric Gases Experiment (GAGE, 1981-1985) and the Advanced Global At-
mospheric Gases Experiment (AGAGE) which is operational to this day. Under the auspices of
AGAGE, 12 coastal and mountainous stations provide observations of a comprehensive set of halo-
genated compounds at high frequency (~ 24 observations per day) [Prinn, et al., 2000]. Additional
continuous observations of ODSs are performed by the NOAA/GMD network [NOAA-ESRL,
2016b] (Figure 2.2). These temporally high-resolution measurements are complemented by a varie-
ty of periodic ground- and aircraft-based flask samples from around the globe (e.g. Antarctica
[Vollmer, et al., 2011], Greenland [NOAA-ESRL, 2016a] or the metropolitan area of Los Angeles
[Barletta, et al., 2011]), while satellite measurements of CFCs might be a first step towards future
monitoring of halocarbon abundances distributed over the atmospheric column [Eckert, et al.,
2016].
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Figure 2.2: Global distribution of AGAGE and NOAA/GMD observation sites for halocarbons.

Europe is currently represented by 3 AGAGE observation sites, Ny-Alesund (Norway), Jung-
fraujoch (Switzerland), Mace Head (Ireland) and Monte Cimone (Italy) as an affiliated site. Mace
Head is a coastal site, situated on the western coast of Ireland. It is mostly influenced by clean air
advected from the Atlantic Ocean, representing background mole fractions, but frequently sees pol-
luted air masses from the European continent. Although the occurrence of pollution events is more
seldom, similar characteristics apply to the observation site at Ny-Alesund, located at the coast of
Svalbard, above the Arctic Circle. Jungfraujoch and Monte Cimone are high alpine sites, located in
the Swiss Alps at an elevation of 3580 m a.s.l. and in the Apennines in Northern Italy at 2160 m
a.s.l., respectively. High altitude stations are typically influenced by free tropospheric air, represent-
ing background concentrations, but occasionally are able to observe polluted air masses from the
European atmospheric boundary layer under favourable meteorological conditions. Although Ny-
Alesund is not close enough to any emission sources, the other 3 AGAGE sites, are influenced fre-
quently enough by anthropogenic emissions to provide satisfactory coverage of Western European
emission sources [Henne, et al., 2010]. However, despite existing campaign data for Eastern Europe
[Keller, et al., 2012], this network leaves Eastern Europe and the Mediterranean region (e.g. Spain,
Portugal, Greece) as outstanding white spots on the map (Figure 1.1).
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2.5  Atmospheric Transport Models and Emission Estimation

Global networks of measurement stations measuring halogenated species on a quasi-continuous
basis provide an invaluable insight into the abundance and trends of these compounds in the tropo-
sphere over the years. However, international agreements such as the Montreal and Kyoto Protocol,
rely on statistical bottom-up emission inventories, reported by individual countries. Therefore, the
independent validation of spatially resolved national inventory data on the emission level is increas-

ingly in demand to check compliance with those international treaties.

To establish a connection between atmospheric mole fractions measured at a receptor site, y, and
trace gas fluxes to and from the atmosphere, X, a transport and chemistry model is required that can

describe the relevant atmospheric processes.

Between the emission at a source location and the measurement at a receptor site, chemical pollu-
tants undergo several processes in the atmosphere. They are transported, stirred and mixed, causing
an initial pollution cloud to be dispersed and diluted. Depending on their molecular properties, the
pollutants undergo chemical transformation and may be depleted, and are finally removed from the
atmosphere by a deposition process [Haynes, 2005]. To simulate an accurate response at the recep-
tor to a pollution pulse from an emission source, the adequate description of these mechanisms is

essential.

In general two principles of atmospheric tracer modelling can be differentiated. Eulerian models are
based on a fixed model grid, observing the properties of a pollutant as a function of time and space.
Using the Lagrangian perspective, infinitesimally small air parcels (also referred to as particles) are
observed by following them along with the mean flow, providing details about their location and
properties at any time. The Eulerian approach implies instantaneous mixing within a grid cell,
whereas the Lagrangian models are independent of a computational grid and therefore in principle
allow for high resolution results, given a sufficiently large number of model particles. The main
advantage of the Lagrangian approach however is, that no numerical diffusion is involved [Stohl, et
al., 2005], allowing the transport of atmospheric features with steep gradients, such as a pollution
plume originating from a point source. Lagrangian models can also easily be inverted in time to
enable an efficient determination of a measurement’s sensitivity to upwind sources, which is con-
siderably more complicated in the Eulerian framework and requires the development of an adjoint
model.
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As a consequence the Lagrangian perspective and more recently especially Lagrangian Particle

Dispersion Models (LPDMs) have become particularly attractive in the field of source attribution.

In earlier approaches, halocarbon observations have been qualitatively attributed to their relevant
source regions. Either with single-trajectory models (neglecting dispersion) for strong pollution
events [Reimann, et al., 2004; Stemmler, et al., 2007; Reimann, et al., 2008] or with more elaborate
methods based on larger numbers of observations and trajectories, allocating emissions based on the
trajectories’ residence times within predefined grid cells, often referred to as “trajectory statistics”
[Ashbaugh, et al., 1985; Stohl, 1996; Scheifinger and Kaiser, 2007]. However, a quantitative source
attribution is a more challenging task. One concept involves the inclusion of tracer compounds with
well-known emission sources (tracer-ratio method) in the trajectory statistics approach [Reimann, et
al., 2005], but due to the unresolved subgrid-scale transport and mixing characteristics in the latter,
LPDMs have gradually replaced trajectories to establish a quantitative relationship between sources
and receptors [Seibert and Frank, 2004; Brunner, et al., 2012b].

In general, one can write down the atmospheric model of concentrations as being a multi-

dimensional function of surface fluxes, x, (and others) providing output variables y

y=G(x,..). 4)
If all other influce factors are held constant, the change of atmospheric mole fractions, y, due to

changes in trace gas fluxes, x, can be written as

dG
dy = —dx, 5
y = dx (5)

where Z—z is the Jacobian matrix of first order derivatives of G. Deriving Z—z from a complex atmos-

pheric transport and chemistry model is computationally very extensive and/or requires an adjoint
version of the model. With the forward model one would analyse the Jacobian in a certain neigh-

bourhood, x,, in which case the simulated mole fractions can be rewritten as

dG
Y= Ix (x — x9) + G(x0). (6)

If the simulated mole fractions only depend linearly on the surface fluxes, Z—i becomes a matrix of

constant values, M. If, in addition, G(x, = 0) = 0, meaning that there is no source of y other than

surface fluxes x, equation 6 simplifies to

y = Mx (7)
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The above conditions can usually be assumed for greenhouse gases in the atmosphere that either
undergo no atmospheric degradation (CO,) or only (pseudo) first order decay chemistry (CH4, N2O,
halocarbons).

In this thesis two kinds of atmospheric models were used to derive M and subsequently optimise x,
so that the simulated mole fractions, y, match the observations (Section 3.4). The first is a simpli-
fied transport and chemistry model of the global atmosphere, consisting of 12 boxes dividing the
atmosphere into four equal-mass latitudinal boxes and three vertical layers. The model calculates
transport between the boxes by parameterizing eddy diffusion and bulk advection, while compound
losses are based on simple parametrizations of photolysis, OH oxidation (using a fixed OH field)
and oceanic uptake (see Section 4.2). The second is a Lagrangian particle dispersion model (LPDM)
applied in receptor-oriented, time-inverted mode to directly estimate M for regional emission con-
tributions, which is further described in Section 3.3.
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Chapter 3 Methods

3.1  Instrumentation

The detection and quantification of the analysed halogenated carbons presented in this thesis is
challenging, due to their wide variety of volatilities and very low tropospheric abundances on a
scale of parts per trillion (ppt, 10™2), typically. To ensure high-precision measurements and improve
the signal-to-noise ratio of such small mole fractions, it is common today to preconcentrate large
volumes (~2L) of air, which are transferred to a coupled gas chromatography - mass spectrometry
(GC-MS) system.

Two generations of preconcentration systems were used. For the remote campaigns in Finokalia
(Greece) and on Pic du Midi (France), the adsorption-desorption system (ADS) was used. The ADS
is a custom-built, automated preconcentration unit coupled to a GC-MS, developed in the 1990’s by
the University of Bristol and has since been used for the estimation of global emissions [e.g.
O'Doherty, et al., 2004; Greally, et al., 2007; Reimann, et al., 2008] and for regional measurement
campaigns [e.g. Keller, et al., 2012]. During the preconcentration phase a three-step adsorbent filled
microtrap is cooled to -50°C by thermoelectric Peltier devices over a period of 40 min. For desorp-
tion, the trap is resistively heated to ~220°C, and the trapped sample is transferred to the GC (Ag-
ilent 6890) and MS (Agilent 5973) using helium as carrier gas [Simmonds, et al., 1995]. The in-
strument is designed to operate autonomously, providing air- or standard-observations on a 2 hourly
basis. Due to its simple and robust construction, the ADS is suitable for automated remote halocar-
bon measurements involving air- or land-based transport of the instrument to the place of its use.
However compared to its successor (Medusa), a smaller number of compounds can be measured

using ADS technology and the detection limits are higher.

The “Medusa” is a further development of the ADS, based on the same principle of analysing larg-
er, preconcentrated air samples on a GC-MS. The preconcentration process of the “Medusa” in-
cludes two HayeSep D filled cold-traps as shown schematically in Figure 3.1. During preconcentra-
tion, the traps are cooled to temperatures of -165°C using a low-temperature refrigeration unit. Un-

like the ADS, species with different volatilities are transferred separately to the second cold-trap
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where they are refocussed before being transferred to the GC-MS. This method avoids interferences
on the MS and extends the analytical range to species with lower volatility, while still maintaining
the capability to measure compounds with higher boiling points [Miller, et al., 2008]. The Medusa
not only enhances the number of detectable compounds, but also increases measurement precision
and allows a temporal sampling resolution of ~70min. It is currently the standard instrument at the
AGAGE observation sites (except at the affiliated site Mt. Cimone), from which the data were used
to complement the campaign data for the inversions. It is also used at the Empa Laboratory for the
detection of unmonitored low abundance halocarbons [Schoenenberger, et al., 2015; Vollmer, et al.,
2015a; Vollmer, et al., 2015b; Vollmer, et al., 2015c].
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Figure 3.1: Schematic flow scheme of Medusa preconcentration unit (from Miller, et al. [2008]).

Whether with the ADS or the Medusa, calibration of measurements is crucial. For this, reference
standards are usually sampled alternating with air samples to detect and correct for drift in detector
sensitivity. Because all standards are referenced to the same scale within the AGAGE project (those
of the Scripps Institution of Oceanography (S10), University of Bristol, or Empa), they also guaran-

tee, that observations of all stations withing the AGAGE network are intercomparable.

3.2  Empa-2013 Primary Standard Preparation and Halocarbon Identification

The primary calibration scale, used for the calibration of the compounds analysed within the scope
of the search for unmonitored substances in the troposphere is based on two different gas mixtures.
One is a gravimetrically prepared, commercially obtained reference gas mixture (HCP-04Carba,

Carbagas, Switzerland), containing several compounds with mole fractions in the 10 ppm (parts-

20



Methods

per-million, 10°) range. This gas mixture also contains HCFC-31, which is analysed in more detail

as part of this thesis. The second one is a custom-made high-concentration standard (HCP-002).

The preparation of our custom-made primary standard follows a multi-step process, using the setup
shown schematically in Figure 3.2. In a first step, we clean the compounds from impurities such as
oxygen (Oy) or nitrogen (N,) by distillation thereby taking advantage of the generally lower boiling
point of these impurities compared to the analysed species. The cylinder containing the target com-
pound is cooled by submerging it into liquid nitrogen. At such temperatures, the target compound
becomes solid, whereas O, and N, remain in the liquid or gaseous phase. The cylinder is then
warmed-up again to transform the sample back into liquid or gaseous form, using a water bath. Dur-
ing this process, the headspace of the cylinder is pumped away, removing available impurities. This
process is repeated until the vapour pressure within the target compound cylinder is similar to val-

ues given in the literature, confirming the purity of our target compound.
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Figure 3.2: Schematic illustration of the Empa-2013 primary calibration standard preparation setup.

In a second step, termed “loading phase” (Figure 3.2a), sample loop aliquots are transferred to the
target cylinder. After evacuating and flushing the sample loop with the target compound three
times, the 5 ml sample loop is filled with the pure compound to a desired pressure. For some com-

pounds with low vapor pressure, multiple injections are necessary.
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During the third step, the 6 port valve of the system is set to the “injection position” (Figure 3.2b),

flushing the content of the sample loop into the target tank, using synthetic air.

Both standards are subsequently merged and diluted from ppm to final near-two ppt (parts-per-
trillion 10™2) levels (EP-001), applying a multi-step pressure-based dilution. For this, synthetic air
was used, which was previously purified following an elaborate clean-up technique using custom-
made clean-up cartridges [Vollmer, et al., 2015b]. To cross check the accuracy of the dilution, both
standards include additional “boot-strap” compounds, for which we have independent primary cali-
brations. The bootstrap gases contained in “HCP-04Carba” are CFC-12 (CCI,F;), SFs, which were
referenced to the SIO-05 scale [Prinn, et al., 2000; Vollmer and Weiss, 2002] and methane (CH,)
which was measured using a “Picarro Analyzer” against a calibration scale of the National Oceanic
and Atmospheric Administration (NOAA). “HCP-002” only includes methane, which was also used
to check the quality of the injection process. These “boot-strap” gases are abundant in the high-
concentration mixtures at elevated mole fractions, in order to reach near ambient concentrations in
the intermediate (methane) and final dilutions (CFC-12, SFg). The resulting filling EP-001 defines
the “Empa-2013 primary calibration scale”. Measured mole fractions of CFC-12 and SFg were
smaller by about 5% compared to the predicted mole fractions based on the sample loop injections
and subsequent pressure-based dilutions. This was expected due to the expansion of the canisters
upon pressurizing. Consequently, a correction was applied for the final mole fraction assignment in
EP-001. EP-001 was used in the following to calibrate whole air secondary standards (E-094 and E-
108), which were used to analyse flasks. The in-situ measurements were measured against lower-
level whole air standards (quaternaries), which were regularly compared against these secondaries.
Secondary and quaternary standards were spiked with some of the new compounds to achieve better

signal strength, allowing for a better tracking of the MS sensitivities.

To identify the new compounds on our system and determine the retention times and target mass-
over-charge (m/z) ratios for the following quantitative analysis, a diluted aliquot of the high concen-
tration reference mixtures (HCP-04Carba and HCP-002) was measured on the GCMS in scan mode
over an m/z range from 49-200. The resulting spectra were compared with published data, when
available, to identify the respective compounds based on the intensity order of the fragments. For
compounds with no published spectra, the masses for potential fragments of the full molecules were
compared to the measured spectra. This allowed for full and unique identification of all compounds.
For the quantitative analysis of samples on the GCMS in selective-ion mode, the respective target

ion (T in units m/z), which is used for quantification and the qualifier ions (Qs in units m/z), were
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chosen based on their intensity on our system, preferring higher ranked ions but trying to avoid pos-

sible interferences particularly for ubiquitous mass fragments such as CF3".

3.3  Lagrangian Particle Dispersion Model (FLEXPART)

For the derivation of source sensitivities, providing a direct relationship of a mass emission from a
source location with the measured mole fraction at a receptor site, we used the Lagrangian particle
dispersion model (LPDM) FLEXPART [Stohl, et al., 2005]. FLEXPART s tailored to simulated
long-range and mesoscale transport of trace compounds in the atmosphere. It has been extensively
validated against data from long-range tracer studies [Stohl, et al., 1998; Stohl and Trickl, 2001] and
has been successfully employed in many recent halocarbon source allocation studies involving the
same receptor sites or receptor sites with similar characteristics as the ones used during this thesis
[Stohl, et al., 2009; Vollmer, et al., 2009; Stohl, et al., 2010; Keller, et al., 2011; Keller, et al., 2012;
Fang, et al., 2014; Fang, et al., 2015].

FLEXPART is an offline model that requires input from a three-dimensional meteorological model.
This includes information on the horizontal and vertical wind, temperature, specific humidity, and
surface fluxes of momentum and heat. In this study, we drive the transport model with meteorologi-
cal fields from the operational analysis/forecast of the Integrated Forecast System (IFS) of the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF). These fields were obtained on a 3-
hourly basis, with a global resolution of 1° by 1° and a finer resolution 0.2° by 0.2° nested domain
for the Alpine area. For dates later than June 2013 the model features 137 vertical model levels and
91 before then.

The transport of tracer material is simulated by calculating the trajectories of a large ensemble of
infinitesimally small air parcels (also referred to as particles). These particles are advected based on
the combination of the grid-resolved mean wind, superimposed by turbulent and mesoscale wind

fluctuations, according to

X(t+ At) = X(t) + v(X, t)At (8)
where X describes the position vector of the air parcel, t represents the time and At is the time in-

crement used in the model. The wind vector v is defined as

vV=v+v, +V; 9)
with the grid scale wind vector v and the mesoscale and turbulent wind fluctuations v, and wvy,

respectively. Mesoscale motions v,, are approximated by the assumption, that information on the
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sub-grid mesoscale wind variance can be related to grid-scale variance of the wind at every grid
point. To parameterize turbulent motions v,, FLEXPART assumes the stochastic disturbance of an
air parcel to be Gaussian. This assumption can be violated under convective conditions but is ex-
pected to cause minor errors, especially at sufficiently large transport distances, where particles are
well-mixed within the whole planetary boundary layer (PBL). Using this assumption, the vertical

wind component w can be described with the Langevin equation in the form

1

dt 0o% 02,0 2 \2

dw= — w4 ey 29 Py (£ ) 6, aW (10)
Ty, 0z p 0z Tr,,

with o, denoting the standard deviation of the turbulent vertical turbulent component and T, rep-
resenting the Lagrangian autocorrelation timescale of the vertical velocity. Both of these parameters
are specifically derived for the specific atmospheric stability conditions following the similarity
suggestions by Hanna [1982] and are based on boundary layer parameters (e.g. the PBL height
Jmix, the friction velocity, ux, and the Monin-Obhukov length, Ly)The first term on the right-hand
side describes the autocorrelated part of the turbulence. The second and third terms are the drift and
density correction with p denoting the air density. These corrections are necessary to fulfill the
well-mixed condition of particles and avoid accumulation of particles in or dissipation from certain
areas of the flow with different turbulence intensity and atmospheric density. The fourth term de-
scribes a random component with dW being increments drawn randomly from a Gaussian distribu-

tion of mean zero and standard deviation 1 [Stohl, et al., 2005].

PBL heights, another essential parameter of an LPDM, are diagnosed using a bulk Richardson con-
cept, by setting the PBL height h,,,;, to the first model level for which the bulk Richardson number
as defined by Vogelezang and Holtslag [1996] exceeds a threshold of 0.25. Other important mecha-
nisms parameterized in FLEXPART include a moist convection scheme, simulating the vertical
mass exchange in convective clouds (updrafts/downdrafts), as well as removal processes such as
radioactive decay, dry- and wet deposition. A more detailed description of the model can be found
in Stohl et al. [2005].

One of the major advantages of LPDMs is that they are essentially “self-adjoint”, providing the pos-
sibility to track the dispersion backwards in time using the identical model formulation as used in
the forward model. Getting the time inverted model in the Eulerian framework however is a much
more challenging and computationally demanding task [Seibert and Frank, 2004; Brunner, et al.,
2012b]. In our studies presented in Chapter 5 and Chapter 6, FLEXPART was therefore run in a

24



Methods

receptor-oriented backward mode, by releasing 50’000 particles at each 3-hourly interval from the
receptor sites and following them backward in time for 10 days. The output generated by
FLEXPART is the summed particle residence time 7; ; in a grid cell i, j, within a layer of sampling
height h. Assuming that pollutants are predominantly emitted from ground level into the lowest
layer, h is defined as the layer between 0 - 100 m, the latter also being the minimal PBL height used
in the model. The horizontal distribution of this estimated residence time is usually referred to as
“footprint”. Division of the residence time 7; ; by the air density in the respective grid box i, j and

the molar weight ratio R,,, of the pollutant compound and dry air

R, = Hary—air 1)
Upoliutant
results in the source-receptor-relationship (SRR) s; ; in units of s m* kg™ mol mol™ (Equation 12)
The SRR describes the influence of an emission source of unit strength (1 kg s™) in the grid box ij
with Volume V, on the measured mole fraction y at the receptor and is proportional to the average
residence time z; ; for tracers with negligible loss in the atmosphere on the timescale of the LPDM.
The sum of the product of the SRR and the emission field, providing emissions E; ; in units of kg st

Ry, (12)

and accounting for the source grid box volume V; ;, then yields the increase in mole fraction at the

receptor

o=/ v (13)

3.4  Atmospheric Bayesian Inversion

For the quantitative assessment of trace gas fluxes to and from the atmosphere, the information de-
rived from the transport model has to be combined with the observed mole fractions in a specialised

field of data assimilation refered to as inverse modelling.

Thereby, unknown variables in the so-called state vector are adjusted to optimize the match be-
tween the simulated and the observed mixing ratios. Because in our regional-scale approach the
LPDM explains only emissions within the period of the backward simulation and from a spatially
limited domain, the state-vector contains the gridded emissions as well as additional parameters

characterizing the baseline mole fractions at the termination point of the LPDM back-trajectories,
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which together with recent emissions add up to the measured mole fraction at the observation site.
In inverse atmospheric flux estimation, the observations often don’t contain sufficient independent
information to unambiguously constrain the surface fluxes. To further constrain the model, a priori
estimates of the state-vector variables are introduced, where prior emission estimates are based on
emission inventories and subjective expert judgement, whereas baseline mixing ratios can be de-

duced using observation-based methods.

In the “Bayesian Inversion” approach, a frequently applied framework to estimate emissions of
trace gases, the probability density functions (pdf) of the a priori information and the observations,
which are based on a specified degree of uncertainty, are used to facilitate the estimation of an op-
timal solution and subsequently derive the pdf of the optimized a posteriori state vector.

The basis for the concept of the “Bayesian Inversion” is given by the theorem of Bayes, which al-
lows the determination of P(x|c), the probability density for the parameter values x, conditional on
the true, observed values of c, provided that P(c|x), the conditional probability of ¢ for a given
value of x, can be determined [Enting, 2002]:
P(clx) P(x
Pl = S (19
P(c) and P(x) provide the unconditional probability density of ¢ and x.

If we define the parameters according to our inversion problem, with x being the state vector, con-
taining the variables to be estimated (e.g. emission fluxes) and ¢ being the observed mole fractions,
the most probable solution of x with respect to ¢ can be obtained by minimizing the cost function J,
which, under the assumption of Gaussian distributed uncertainties takes the form of [Enting, 2002;
Thompson and Stohl, 2014]

1
] = E (Mxpost - yobs)TC;I}s(Mxpost - yobs)
(15)

+ %(xpost - xprior)TC;;rlior(xpost — Xprior)-
In Equation 15, differences between the simulated and the observed mole fractions Mx,,s and
Yobs and deviations of the optimised state vector x,,s, from the prior state vector x,.,, (Which
includes information about a priori emissions and the a priori baseline mole fractions) are penalized,
weighted by the inverse of the respective uncertainty covariances. Cp,;,, is the uncertainty covari-

ance matrix of the a priori uncertainties and C, is the covariance matrix of the observation-model
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mismatch, corresponding to the uncertainties of the observations and the transport model. The struc-
ture of these covariance matrices is further outlined in Section 5.2.7. M is the sensitivity matrix
mapping the emissions onto the observations, denoting the dependence on the emissions, which, in
the case of the regional-scale inversion applied here, is the SRR as derived from FLEXPART and

the baseline mole fractions, respectively.

Minimizing J yields a linear system of equations for the posterior state [Enting, 2002]

Zpost = Xprior + (CoriorM"MCprirM” + Cops) ™ (Vobs = MXprior) (16)
as used in Chapter 5 and Chapter 6 of this thesis. The main numerical effort is solving the inverse of
the matrix § = CpriorM"MCpriorM™ + Cops, Which is a n x n matrix, with n being the number of
observations. Once ™1 and Xp0st are established also the covariance of the a posteriori state can be

calculated

Cpost = Cprior - CpriorMTS_lMCprior- (17)
If any useful information is contained in the observations and the sensitivity matrix, the a posteriori
covariances should be smaller than the a priori covariances. The reduction of uncertainty in the state

variables is often expressed as a percentage reduction

diag(Cpost)/
={1- . 100%
" < dlag(cprior) ° (18)

where diag() extracts the elements in the diagonal of the covariance matrices. Finally, the infor-
mation contained in C,,s; can be used to calculate the a posteriori uncertainty for aggregated ele-
ments of x, for example when gridded emissions are summed to give total emissions from a larger

region or country.

As all source attribution techniques per se, the Bayesian inversion framework as it is used in this
thesis bears some weaknesses. One of the most important is the rather subjective definition of the
uncertainty covariance matrices describing the a priori state and the combined model-data-
mismatch, introducing an additional source of uncertainty to the result. Recently, more objective
methods have been proposed to better cover these introduced uncertainties of the a priori infor-
mation (e.g. hierarchical Bayesian approach [Ganesan, et al., 2014]) and the transport model [e.g.
Gerbig, et al., 2008].
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First observations, trends and emissions of HCFC-31 (CH2CIF) in the global atmosphere

Chapter 4  First observations, trends and emissions
of HCFC-31 (CH2CIF) in the global atmosphere

The following chapter is adopted from :

Schoenenberger, F., M. K. Vollmer, M. Rigby, M. Hill, P. J. Fraser, P. B. Krummel, R. L. Langen-
felds, T. S. Rhee, T. Peter, and S. Reimann (2015), First observations, trends, and emissions of
HCFC-31 (CH2CIF) in the global atmosphere, Geophys. Res. Lett., 42, 7817-7824, doi:
10.1002/2015GL064709.

Abstract
We report the first multiyear atmospheric record of HCFC-31 (CH,CIF), based on flask samples

and in situ analyses of air from both hemispheres. Although HCFC-31 has never been produced in
large amounts, observed mole fractions in the Northern Hemisphere increased from 2000 onward,
reaching 170 ppq (parts per quadrillion, 107°) in 2011-2012 before decreasing rapidly. By combin-
ing our observations with a two-dimensional atmospheric chemistry-transport model, we infer an
increase in global emissions from 240 t yr in 2000 to 840 t yr in 2011-2012, followed by a rela-
tively fast decline to 570 t yr™* in 2014. Emissions of HCFC-31 originate most probably from in-
termediate product release during the manufacturing process of HFC-32 (CH,F,). The rapid decline
in recent years could be due to changes in production methods rather than declines in diffusive
sources such as landfills or HCFC-31 contaminations in merchandised HFC-32.

4.1 Introduction

Hydrochlorofluorocarbons (HCFCs) are a class of anthropogenic chemicals, used mainly in refrig-
eration and foam blowing. They were produced initially as chemicals for specific applications and
later as replacement compounds to facilitate the phaseout of chlorofluorocarbons (CFCs), which
have a large Ozone Depletion Potential (ODP). CFCs were identified as agents to catalyse strato-
spheric ozone destruction in the early 1970s [Molina and Rowland, 1974] and were banned from
emissive usage under the Montreal Protocol, after the discovery of a severe thinning of the ozone

layer over Antarctica [Farman, et al., 1985]. HCFCs have at least one C-H bond, which makes
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them susceptible to oxidation by hydroxyl radicals (OH) in the troposphere, resulting in a large frac-
tion being destroyed before reaching the stratospheric ozone layer [Carpenter and Reimann, 2014].
Due to their chemical structure, containing both hydrogen and chlorine, HCFCs are denoted as tran-
sition substitutes and are also regulated by the Montreal Protocol. In developed countries, produc-
tion and consumption are still allowed under certain restrictions, while in developing countries, they
were not restricted until 2013 [Braathen, et al., 2012], resulting in an accelerated accumulation of
HCFCs in the atmosphere during the past decades [Montzka, et al., 2009; Montzka, et al., 2015].
The most abundant HCFCs in the atmosphere are HCFC-22 (CHCIF;), HCFC-141b (CH3CCI,F)
and HCFC-142b (CH3CCIF,). In 2012, they reached mole fractions of 219.8 ppt (parts per trillion,
107%%), 22.5 ppt and 22.0 ppt, respectively, in the global background atmosphere [Carpenter and
Reimann, 2014]. In addition to these abundant HCFCs, there are a number of minor HCFCs, such as
HCFC-133a (C,H,CIF3) [Laube, et al., 2014] and HCFC-225ca (C3HCI,Fs) [Kloss, et al., 2014],
which were observed recently in the current atmosphere or in archived air samples. Despite the
Montreal Protocol regulations for developed countries, most of these HCFCs are still increasing in

the troposphere, due to the allowed, growing use in developing countries.

The topic of this study is HCFC-31 (chlorofluoromethane, CH,CIF), for which we provide the first
measurements in the global atmosphere. Little is known about this compound. Even though HCFC-
31 has been used in two refrigerant blends (R-505, R-506) [Agarwal, et al., 2002], it has never been
produced industrially in large amounts due to its flammable and carcinogenic character [Hohener, et
al., 2003; Balsiger, et al., 2005; DFG, 2013]. HCFC-31 is an intermediate in the synthesis of HFC-
32 (CHyF,) [Clemmer, et al., 2002; Wismer, 2003; Shantan Rao, et al., 2015], a widely used refrig-
erant. Further, it is a known product of the anaerobic degradation of CFC-11 (CClI3sF) and was found
in emissions from landfills [Scheutz and Kjeldsen, 2003; Balsiger, et al., 2005; Scheutz, et al.,
2007a; Scheutz, et al., 2010a].

HCFC-31 is removed from the atmosphere by the reaction with OH [Bhatnagar and Carr, 1996;
Charmet, et al., 2013], resulting in a total lifetime of 1.2 years [Carpenter and Reimann, 2014]. It
has a radiative efficiency of 0.08 Wm™ ppb™ and a resulting 100 year greenhouse warming poten-
tial (GWP) of 83, with an uncertainty of £30% [Charmet, et al., 2013]. HCFC-31 contains chlorine
and is therefore listed in the Montreal Protocol as an ozone depleting substance, with an ODP of
0.02 [Braathen, et al., 2012].

In this paper, we present the first atmospheric records of HCFC-31 based on measurements in ar-

chived air samples from various northern hemispheric and southern hemispheric locations and in
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situ measurements at a Northern Hemisphere urban and a Southern Hemisphere remote observation
site. To quantify global emissions from the observations, the atmospheric abundances are compared
to the results of an atmospheric chemistry-transport model. Furthermore, we discuss potential
sources and their possible contribution to global emissions.

4.2  Methods

421 Measurements

To reconstruct past abundances of HCFC-31, we use three different sets of samples for our analysis.
For the Northern Hemisphere, the samples consist of air collected in canisters from various remote
sites, filled during periods with relatively clean air (when the mole fractions of various compounds,
including HCFC-31 are similar to those measured in background air) between 2000 and 2014. Ad-
ditional northern hemispheric information is gained from air samples collected aboard the Korean
research vessel “Araon” during the SHIPPO-2012 expedition, on a transect through the North Pacif-
ic from Incheon (South Korea) to Nome (Alaska, USA) (June 2012 - August 2012) [Park and Rhee,
2015]. To track the atmospheric history in the Southern Hemisphere, we analysed air samples from
the South Korea Antarctic station King Sejong, located on the Barton Peninsula (King George Is-
land; 62° 13'S, 58° 47" W), as part of a long term flask sampling program [Vollmer, et al., 2011].
The record was complemented by eight archived air samples, collected at Cape Grim (Tasmania)
(December 2012 - September 2014), to increase data availability during the reversal in the Southern
Hemisphere and to overlap the records from King Sejong and Cape Grim [Langenfelds, et al., 1996;
Langenfelds, et al., 2014]. Most of the above mentioned samples are the same as those used by
Vollmer et al. [2015b] and more detailed sample information can be found there and in the Support-

ing Information of Schoenenberger et al. [2015].

We also measured HCFC-31 continuously, using Medusa-GCMS technology (see Section 4.2.2)
[Miller, et al., 2008]. One in situ measurement system is operating at Diibendorf, a suburban site
near Zurich (Switzerland). The intercepted air masses at this site can potentially be affected by di-
rect anthropogenic emissions of halogenated greenhouse gases (GHG) from the surrounding areas.
Another Medusa-GCMS system is located at the Cape Grim Baseline Air Pollution Station, operat-
ed by the Australian Bureau of Meteorology. However data availability is sporadic at these stations
due to chromatographic interferences on aged columns (see below). We complemented our inter-
mittent in situ record at Dibendorf with biweekly flask sampling. Sample pairs were collected on
the rooftop of the laboratory building into electropolished stainless steel canisters at ~4 bar using an
oil free diaphragm pump (KNF-N-022-ANE, Neuberger).
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4.2.2  Analytical Setup

Flask sample analyses were carried out at Empa (Swiss Federal Laboratories for Materials Science
and Technology, Diibendorf, Switzerland), using a Medusa sample preconcentration unit which is
coupled to a gas chromatograph (GC, Agilent 6890N) mass spectrometer (MS, Agilent 5975MS)
[Miller, et al., 2008]. The Medusa is equipped with Hayesep-D packed cold traps, which are cooled
to -160 °C for preconcentration and heated to ~100 °C for desorption. To enhance peak size and
allow for better measurement precision, most flasks were analysed by trapping 4 L of sample, com-
pared to a standard volume of 2 L for routine continuous ambient air monitoring measurements.
Preconcentrated samples are chromatographically separated on a 25 m x 0.32 mm ID Agilent CP-
Porabond Q column with 5 um film thickness before detection on a selected-ion mode quadrupole
MS. This system has been used for both, HCFC-31 flask measurements and continuous in situ

measurements of air from the laboratory building rooftop in Diibendorf.

We identified HCFC-31 on our Medusa-GCMS system by scanning diluted subsamples of a com-
mercial reference multi-component gas mixture (Carbagas, Switzerland) for the mass/charge (m/z)
ratio pattern of the most abundant mass fragments from published mass-spectra. On our Empa Me-
dusa-GCMS we found HCFC-31 eluting at ~1170 sec (in the vicinity of perfluorocarbon PFC-318
(c-C4Fsg) and CFC-12 (CCI,F,)). It was identified in the mass spectrum based on its most abundant

mass fragments m/z 68 as target ion for quantification and m/z 70 as qualifier ion.

During the aging of the chromatographic column, the retention time of HCFC-31 increases faster (5
sec over 10 months) compared to the initially later eluting CFC-12 (3.7 sec over 10 months). Over
time, the two compounds interfere until eventually they completely co-elute. All ion fragments of
HCFC-31 are also present in CFC-12 on our MS, which has only limited mass resolution (the
CH,*CIF fragment with a m/z of 67.98 is unique for HCFC-31 but cannot be resolved from the
CFC-12 fragment C*'CIF with a m/z of 67.96). Because of this limitation we lose the capability to
detect HCFC-31 in instruments with aged columns and consequently in situ observations, using the
same column, are only possible for approximately 10 months. However, HCFC-31 is integrated by
peak height and data are flagged for chromatograms with significant peak overlap such that during
the initial use of a new chromatographic column, the measurement integrity of HCFC-31 is not af-
fected by the column aging. Ambient air data availability for the Empa Medusa-GCMS is January -
October 2013 and November 2014 - July 2015. On the Cape Grim Medusa-GCMS, measurements
are available from October 2014 to April 2015.
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For the correction of short-term drifts of MS response, a working standard (“quaternary standard”)
is measured after each two canister air sample measurements or after each in situ measurement,
respectively. These quaternary standards are ambient air compressed into internally electropolished
stainless steel canisters (Essex Cryogenics, Missouri, USA) at Rigi-Seebodenalp (Switzerland),
using an oil-free diving compressor (SA-6, Rix Industries, USA) or with cryogenic methods at Cape
Grim (Tasmania) [Langenfelds, et al., 1996]. The mean measurement precision (1o) for HCFC-31 is
2.8% for northern hemispheric flask samples after 2008, with atmospheric mole fractions larger
than ~100 ppg. Older samples with lower abundances have a mean measurement precision (1o0) of
5.7%. Southern hemispheric flask samples with mole fractions below ~100 ppqg during the whole
sampling period have been measured with a mean precision (10) of 4.7%. The mean measurement
precision for in situ measurements is somewhat lower at 6.0% (10), because only 2 L samples are

trapped during standard operation of the Medusa-GCMS.

There are no commercial reference standards for HCFC-31 in the low mole fraction range of our
observations. This required us to produce our own primary standard by dilution of a commercial
ppm (parts per million, 107°) standard to a mole fraction of ~2 ppt, which defines our “Empa-2013
primary calibration scale”, to which all the data of this study are referenced. The accuracy for “Em-
pa-2013” is estimated to be +6%, the overall uncertainty of our reported results is estimated to be
+8% and includes the calibration scale uncertainty, a small uncertainty (~1%) due to the propaga-

tion of standards and the analytical precisions outlined above.

Further laboratory tests were conducted to ensure measurement integrity. Experiments were con-
ducted on the Empa Medusa-GCMS to check for potential system non-linearity. They confirmed
that our Medusa-GCMS system behaves linearly in the mole fraction range of interest and within
measurement uncertainties for HCFC-31 and no systematic biases could be observed. The tests also
showed trap breakthrough volumes > 6 L, from which we conclude no sample loss despite the en-
hanced sample size during this study. The lowest detectable HCFC-31 mole fraction on our Medusa
is 14 ppg (2 L samples, 3 times the amplitude of noise) suggesting that even though we are working
with very low abundances, we operate well above our detection limits. Our instrument was also free
of blank and memory effects well within the detection limits. The stability of HCFC-31 during stor-
age was examined by repeated measurements of a number of samples within a timeframe of 1.5
years. The observed mole fraction differences were random in sign and smaller than the combined

measurement uncertainty. We therefore start from the premise that HCFC-31 is stable in the canis-
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ters used during this study and trends in mole fractions originate from changes in the troposphere

and are not storage artefacts.

4.2.3 Modelling

Global HCFC-31 mole fractions and emission estimates are derived from the AGAGE (Advanced
Global Atmospheric Gases Experiment) 12-box model [Cunnold, et al., 1983; Rigby, et al., 2013].
The model divides the Earth’s atmosphere into four latitudinal boxes with boundaries at 30°S, the
equator and 30°N and three vertical boxes, divided at 500 hPa and 200 hPa. For this study, we pre-
scribed a stratospheric partial lifetime of 35 years [Carpenter and Reimann, 2014], and used OH
reaction rates from Sander et al. [2011], which, when combined with mean global OH mole frac-
tions from Rigby et al. [2013], lead to an overall lifetime of 1.3 years in the model. There is some
uncertainty about the lifetime of this species in the literature [Carpenter and Reimann, 2014].
Therefore, we assumed a potential £20% uncertainty in our lifetime estimates, which is approxi-
mately twice the discrepancy between the 2011 and 2014 WMO assessments. This uncertainty is
propagated through to our derived emissions (following Rigby et al. [2014]).

The AGAGE 12-box model has been used extensively for inverse modelling of global emissions
using background atmospheric measurements [Rigby, et al., 2011; Rigby, et al., 2013; Vollmer, et
al., 2015b]. In order to derive emissions, a Bayesian approach was used, based on independent a
priori estimates of the rate of change of emissions [Rigby, et al., 2011]. Due to the absence of inven-
tory information on HCFC-31, we initiated the model with a prescribed a priori emissions growth
rate of 0 + 0.5 kt yr™* from 2000 to 2014.

4.3  Results and Discussion

4.3.1 Observations

Measurements of atmospheric HCFC-31 abundances are shown in Figure 4.1A. The records show
early northern mid-latitude dry-air mole fractions of ~30 ppg in 2000 and a distinct rise until 2011 -
2012, peaking at ~170 ppg. After 2012 measured mole fractions decreased to ~ 110 ppq in early
2015. Results from our northern Pacific air samples [Park and Rhee, 2015] correspond well with
the northern hemispheric record, although we observe some variability in these samples. HCFC-31
mole fractions are lower for air advected over the remote Southern Pacific, while there is evidence
for higher mixing ratios in air directly advected from the Asian continent. These observations are
consistent with similar findings for other anthropogenic trace gases in the same samples [Vollmer,
et al., 2015b].
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Figure 4.1: (A) Atmospheric record of HCFC-31 (CH.CIF). Vertical bars: measurement precision (+1c) for flask measurements, often smaller than
the symbol size, and +1oc for in situ measurements, referring to weekly means. Solid lines: dry air mole fractions from the AGAGE 12-box model for
the model surface boxes 30°N to 90°N (in blue) and 30°S to 90°S (in red). (B) Growth rates derived from Figure 4.1A for dry air mole fractions in the
model surface boxes. (C) Model-derived global emissions in t yr™.
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In the Southern Hemisphere, mole fractions of HCFC-31 are lower, which is indicative of predomi-
nantly northern hemispheric emissions. While mean dry air mole fractions in Antarctic air samples
from 2012 are ~70 ppq, Cape Grim in situ data from November 2014 - March 2015 drop to ~60
ppg, suggesting a rapid decrease also in the Southern Hemisphere.

The atmospheric history of HCFC-31 was reproduced using the derived emission estimates from the
AGAGE 12-box model by running the model in forward mode. The modelled mole fractions agree
well with measured values and the seasonal cycle is accurately captured. Maximum model-derived
growth rates in the 2000 - 2007 period were ~25 ppq yr~ (Figure 4.1B). Then the northern hemi-
spheric trend slowed down substantially in 2007 - 2008, followed by another period of increased
growth rates in 2008 - 2011. After reaching the above-mentioned northern mid-latitudinal peak val-
ues of ~170 ppq in 2012, the model replicates the surprisingly quick and clear reversal of growth
rates. The delay of the maximum in the southern hemispheric record, compared to that in the North-
ern Hemisphere is ~1 yr and corresponds to the typical time scale for interhemispheric tracer
transport [Jacob, 1999].

At the suburban site in Dibendorf, we observe a strong seasonal cycle of HCFC-31. Our modelling
shows, that this reflects the seasonal variability of OH, the primary sink for HCFC-31, which has a
maximum in summer and a minimum in winter [Bhatnagar and Carr, 1996; Spivakovsky, et al.,
2000].

4.3.2 Emissions and Potential Sources

The emission estimates, inferred by the AGAGE 12-box model are shown in Figure 4.1C. First ob-
servations of changes in the tropospheric mixing ratio in 2000 translate to modelled global emis-
sions of 240 t yr™* (+ 170 t yr™). Beginning in 2004, we observe an increase of up to 30% per year
in global emissions. Emissions stabilize between 2008 and 2012, with peak emissions of around
840 tyr (90 t yrY). In 2012, the emission increase stops and reverses in a sharp manner, decreas-
ing by 30% to 570 t yr™* (+ 110 t yr'") in 2014. From 2000 - 2014, a global time-integrated total of
8000 t of HCFC-31, with a global climate forcing equivalent to ~700 kt of CO,, were emitted.

Besides direct synthesis, which has never been carried out in large amounts, there are, to the best of
our knowledge, two methods, capable of releasing HCFC-31 into the atmosphere. An average of
~75% of CFC-11, formerly used as blowing agent, is still contained in insulation foam when prod-
ucts are shredded at the end of their operational life span [Scheutz, et al., 2007b]. It is known, that in

methanogenic, strongly reducing environments, prevalent in deeper layers of shredded waste land-
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fills, CFC-11 can be dechlorinated, producing HCFC-31 [Scheutz and Kjeldsen, 2003; Balsiger, et
al., 2005; Scheutz, et al., 2007a; Scheutz, et al., 2010a]. While most of the reduced compounds are
oxidized in shallower, aerobic layers, low emissions of HCFC-31 (0.006 g m™ d™*) were detected
during a field study at a Danish waste facility [Scheutz, et al., 2010b]. While we cannot exclude a
contribution of HCFC-31 emissions from landfills, the rapid decline in global emissions from 2013
onwards is inconsistent with gradual changes expected from landfill emissions. Therefore only a
minor contribution from this source is presumed for the measured HCFC-31 mole fractions in the

atmosphere.

A more plausible explanation is emissions of HCFC-31 related to the production and use of HFC-
32, a popular, non-ozone depleting substance used in mixtures such as R-407 and R-410 as substi-
tute for phased-out refrigerants. In developed countries, major consumption of HFC-32 started
around 2000, while the rapid increase of HFC-32 use in developing countries started around 2005
(Velders, National Institute for Public Health and the Environment, RIVM, unpublished data, 6.
March 2015), resulting in estimated global emissions of 21’000 + 11°000 t yr™* in 2012 [O'Doherty,
et al., 2014]. To produce HFC-32, methylene chloride (CH,Cl,) or HCFC-22 (CHFCI) is reacted
with hydrogen fluoride (HF) or hydrogen (H2), whereupon HFC-32 is extracted from the reactor
effluent, comprising HFC-32, unreacted feedstock substances, HF or H,, HCI and HCFC-31 as an
intermediate substance [Frischknecht, 1999; Wismer, 2003]. However, assuming good factory prac-
tice, unreacted CH,CI, or CHF,CI and HCFC-31 are fully recovered during the extraction process
and reinjected into the production chain (McFarland, Dupont, personal communication, 27. Febru-
ary 2015).

The rapid reversal of the estimated global emissions of HCFC-31 points to a shutdown of sources
that were under direct and immediate human control and less likely to diffusive sources related to
banked HCFC-31, stored in equipment or other reservoirs. We speculate that a significant fraction
of past HCFC-31 emissions resulted from factory release during HFC-32 synthesis under potential-
ly poorly optimized production conditions. Our observed rapid decline in these emissions would
consequently be a result of improvements in the synthesis at one or a few factories, an overall re-
duction of their HFC-32 production, or both. Our hypothesis is supported by the absence of any
known purposeful significant end-user application of HCFC-31, which could otherwise have a simi-

lar effect on the tropospheric mole fraction, once halted from release to the atmosphere.

There is a strikingly parallel behaviour between the atmospheric records and derived emissions of

HCFC-31 and HCFC-133a, a recently discovered compound, which also has no known significant
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end-use applications [Laube, et al., 2014]. A reversal of atmospheric abundances and emissions was
also found for HCFC-133a, over a similar period as for HCFC-31 (M. K. Vollmer, personal com-
munication). This finding supports the hypothesis of [Laube, et al., 2014] that an earlier interruption
of the HCFC-133a increase in the atmosphere might be due to changes in production plants, pre-
sumably some of those for the synthesis of HFC-134a, HFC-125 or HFC-143a, where HCFC-133a

is an intermediate product.

If HCFC-31 is an impurity in merchandised HFC-32, then the two would be co-emitted during the
leakage of installed HFC-32. While atmospheric abundances and inferred emissions have also
grown for HFC-32 during the growth period of HCFC-31 [O'Doherty, et al., 2014], we propose that
the reversal we find for HCFC-31 is inconsistent with this scenario. HFC-32 emissions continue to
grow and the compound is built into refrigeration systems for which a sudden prevention of leakage
is unrealistic. Also, our measurement program at urban Dubendorf includes HFC-32 for which we
find large pollution events. However simultaneously occurring pollution events for HCFC-31 are
absent from this record, suggesting no significant impurities of HCFC-31 in the HFC-32 installed
within the air-mass footprint of our station. Measurements of potential HCFC-31 impurities in vari-
ous HFC-32 products would lead to an improved understanding of such a HCFC-31 source, but it
would be a difficult and elaborate task due to the large number of plants and the poorly traceable
distribution.

4.4 Conclusion
We present the first measurements of HCFC-31 in the global background atmosphere. Although

HCFC-31 has never been produced in large amounts, we observe a distinct increase in the tropo-
spheric mixing ratio between 2000 and 2012. While the contribution to global radiative forcing and
stratospheric ozone depletion is small for HCFC-31 alone, the collective effects of all HCFCs are
significant [Montzka, et al., 2009; Hodnebrog, et al., 2013; Montzka, et al., 2015], calling for high

accuracy measurements in accordance with the Montreal Protocol and its amendments.

HCFC-31 is produced as an intermediate during the synthesis of HFC-32, a popular alternative used
in mixtures for the replacement of ozone-depleting refrigerants. Due to the relatively rapid varia-
tions that we infer in global emissions of HCFC-31, we expect a limited number of industrial emit-
ters to be the most plausible source for a large fraction of the measured HCFC-31.

Minor additional contributions can originate from the production of HCFC-31 during the anaerobic

depletion of CFC-11 (e.g. in landfills) or the release of HCFC-31 as an unintended contamination in
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merchandised HFC-32. However, we do not find evidence of significant co-emission of HCFC-31
and HFC-32 in observations at the Dubendorf station, where HFC-32 pollution events regularly

occur, but coincident elevated HCFC-31 is absent.

The discovery of HCFC-31 in the global background atmosphere during this study and other exam-
ples of recently found, non-reported substances [Kloss, et al., 2014; Laube, et al., 2014; Vollmer, et
al., 2015b], highlights the necessity of a continuous top-down monitoring of feedstock, intermedi-
ates and products, even if production processes are designed not to lead to such emissions. There-
fore HCFC-31 should be further monitored to ensure that its decline continues and additional efforts
are needed to isolate the specific emission sources. Further, the ongoing search for previously uni-
dentified chemicals in the atmosphere should be encouraged.

Acknowledgements
This research was funded by the Swiss National Science Foundation (project no. 200021-137638),

the Swiss Federal Office for the Environment (FOEN) and the Swiss State Secretariat for Education
and Research and Innovation (SERI). Additional support comes from InGOS (Integrated Non-CO,
Greenhouse Gas Observing System) and the National Research Foundation of Korea for the Kore-
an-Swiss Science and Technology Cooperation Program. We thank the personnel of the King
Sejong Research station, the personnel (Australian Government Bureau of Meteorology) of the
Cape Grim Baseline Air Pollution Station and the crew of the research vessel Araon for collecting
the air samples for this research. Paul Steele (CSIRO) is deeply acknowledged for transferring ar-
chived air samples and for setting up continuous HCFC-31 measurements in Cape Grim. We
acknowledge the support of our colleagues from the Advanced Gases Experiment (AGAGE). M. R.
is supported by an advanced research fellowship from the UK Natural Environment Research
Council (NERC) NE/1021365/1. T. S. R. is supported by the Korean Polar Research Program PE
13410. P.F. and P.K. are supported by CSIRO and the Bureau of Meteorology. Data in this study

are available from the supplementary information and the corresponding author.

39



First observations, trends and emissions of HCFC-31 (CH2CIF) in the global atmosphere

40



Abundance and sources of atmospheric halocarbons in the Eastern Mediterranean

Chapter5  Abundance and sources of atmospheric
halocarbons in the Eastern Mediterranean

The following chapter is adopted from the paper draft for submission to Atmos. Chem. Phys. :

Schoenenberger F., S. Henne, M. Hill, M.K. Vollmer, G. Kouvarakis, N. Mihalopoulos, S.
O’Doherty, M. Maione, L. Emmenegger, T. Peter and S. Reimann, Abundance and Sources of At-
mospheric Halocarbons in the Eastern Mediterranean, Atmos. Chem. Phys., prepared for publica-

tion.

Abstract

A wide range of anthropogenic halocarbons is released to the atmosphere, contributing to stratos-
pheric ozone depletion and global warming. Using measurements of atmospheric abundances for
the estimation of halocarbon emissions on the global and regional scale has become an important
top-down tool for emission validation in the recent past, but many populated and developing areas
of the world are only poorly covered by the existing atmospheric halocarbon measurement network.
Here we present six months of continuous halocarbon observations from Finokalia on the island of
Crete in the Eastern Mediterranean. The gases measured are the hydrofluorocarbons (HFCs), HFC-
134a (CH,FCFs3), HFC-125 (CHF,CF3), HFC-152a (CH3CHF,) and HFC-143a (CH3CFs), and the
hydrochlorofluorocarbons (HCFCs), HCFC-22 (CHCIF;) and HCFC-142b (CH3CCIF,). The Eas-
tern Mediterranean is home to 250 million inhabitants, consisting of a number of developed and
developing countries, for which different emission regulations exist under the Kyoto and Montreal
Protocols. Regional emissions of halocarbons were estimated with Lagrangian atmospheric trans-
port simulations and a Bayesian inverse modelling system, using measurements at Finokalia in con-
junction with those from the Advanced Global Atmospheric Gases Experiment (AGAGE) sites at
Mace Head (Ireland), Jungfraujoch (Switzerland) and Monte Cimone (ltaly). Measured peak mole
fractions at Finokalia showed generally smaller amplitudes for HFCs than at the European AGAGE
sites, except periodic peaks of HFC-152a, indicating strong upwind sources. Higher peak mole frac-

tions were observed for HCFCs, suggesting continued emissions from nearby developing regions
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such as Egypt and the Middle East. For 2013, the Eastern Mediterranean inverse emission estimates
for the four analysed HFCs and the two HCFCs were 14.7 (6.7-23.3) Tg CO,eq yr* and 9.7 (4.3-
15.7) Tg COeq yr™, respectively. These emissions contributed 17.3% (7.9-27.4%) and 53% (23.5-
86%) to the total inversion domain, which covers the Eastern Mediterranean as well as Central and
Western Europe. Greek bottom-up HFC emissions reported to the UNFCCC were much smaller
than our top-down estimates, whereas for Turkey our estimates agreed with UNFCCC-reported va-
lues for HFC-125 and HFC-143a, but were much and slightly smaller for HFC-134a and HFC-152a,
respectively. Sensitivity estimates suggest an improvement of the a posteriori emission estimates,
i.e. a reduction of the uncertainties by 40-80% compared to an inversion using only the existing

Central European AGAGE observations.

5.1 Introduction

Anthropogenic halocarbons, i.e. chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),
hydrofluorocarbons (HFCs), halons and other brominated species, are used in a wide range of in-
dustrial and domestic applications (e.g., refrigeration, air conditioning, foam blowing, solvent
usage, aerosol propellants and fire retardants). Whereas only chlorinated and brominated halocar-
bons are responsible for stratospheric ozone depletion, all halocarbons are potent greenhouse gases
[Molina and Rowland, 1974; Farman, et al., 1985; Myhre, et al., 2013; Carpenter and Reimann,
2014].

Ozone depleting substances (ODSs) are regulated by the Montreal Protocol (MP), which resulted in
the global phase-out of CFCs from emissive use by 2010. HCFCs, which serve as transitional repla-
cement products, are subject to a less demanding multistep phase-out ending in 2030 for Non-
Avrticle-5 (developed) and 2040 for Article-5 (developing) countries [Braathen, et al., 2012]. To
track the development of CFC and HCFC emissions to the atmosphere, the MP requires signatory

parties to produce an inventory of their ODS consumption and production [McCulloch, et al., 2001].

HFCs, used as second generation replacement products for ODSs, do not contain chlorine or bro-
mine. However, as some of them have a large global warming potential (GWP) and a projected ra-
pid increase in their emissions, HFCs may significantly contribute to global radiative forcing as a
direct consequence of protecting the ozone layer [Steinbacher, et al., 2008; Velders, et al., 2012;
Rigby, et al., 2014; Montzka, et al., 2015]. HFCs are addressed within the Kyoto Protocol to the
United Nations Framework Convention on Climate Change (UNFCCC). Signatory parties with bin-
ding emission reduction targets (Annex I) are required to submit their HFC emission inventories to
the UNFCCC [UNFCCC, 1997]. These inventories are based on statistical “bottom-up” estimates,
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using production and consumption data and have been suspected to carry significant uncertainties
[e.g., Levin, et al., 2010; Keller, et al., 2012; Righby, et al., 2014; Lunt, et al., 2015].

To validate reported inventories, “top-down” approaches, based on atmospheric measurements and
atmospheric transport and chemistry models can be used. The combination of observations with
simplified global scale box-models, allows the independent monitoring of global emissions [e.g.,
Rigby, et al., 2010; Carpenter and Reimann, 2014; Schoenenberger, et al., 2015; Vollmer, et al.,
2015b]. The application of more detailed atmospheric models has proven to be a powerful tool to
quantify emissions on a spatially and temporally more explicit level enabling for emission estimates
on a continental to country scale [Manning, et al., 2003; Stohl, et al., 2009; Kim, et al., 2010; e.g.
Brunner, et al., 2012a; Keller, et al., 2012; e.g., Saikawa, et al., 2012; Ganesan, et al., 2014,
Maione, et al., 2014; Graziosi, et al., 2015; Hu, et al., 2015; Lunt, et al., 2015].

In Europe, the AGAGE network provides high-frequency observations of atmospheric halocarbons
at 3 sites: Mace Head (Ireland), Zeppelin mountain (Spitsbergen, Norway), Jungfraujoch (Swit-
zerland) and the affiliated station at Monte Cimone (Italy) [Prinn, et al., 2000]. While data from this
network have been frequently used in top-down estimates of Western European halocarbon emis-
sions [e.g., Reimann, et al., 2008; Brunner, et al., 2012b; Keller, et al., 2012], the network has a
very limited sensitivity towards emission from Eastern European sources (Figure 1.1a). For Eastern
European HFC emissions, the importance of extending the observational network was illustrated by
the large discrepancies between bottom-up emissions reported to UNFCCC and those estimated top-
down in an inverse modelling study using atmospheric observations obtained during a field cam-

paign at K-Puszta in Hungary [Keller, et al., 2012].

Even less reliable information is available on halocarbon emissions from the Eastern Mediterranean
region, comprising the Article 5/Annex | country Turkey, Non-Article 5/Annex | states such as
Greece, Romania, Bulgaria and Cyprus and developing economies (Article 5/Non Annex I) such as
Egypt and Israel with less stringent regulations and reporting requirements.

Estimating halocarbon emissions by top-down methods in the Eastern Mediterranean gains additio-
nal importance in the light of the beginning phase-out of HCFC emission in Artice-5 countries un-
der the Montreal Protocol. This motivated our halocarbon measurement campaign at Finokalia
(Crete, Greece) from December 2012 to August 2013. Here, we present the observed atmospheric
halocarbon levels and combine the dataset with halocarbon observations at Jungfraujoch, Mace
Head and Monte Cimone, atmospheric transport modelling and a Bayesian inversion system to de-
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rive the first comprehensive top-down emission estimates of HFC-134a (CH,FCF3), HFC-125
(CHF,CF3), HFC-152a (CH3CHF;), HFC-143a (CH3CF3), HCFC-22 (CHCIF;) and HCFC-142b
(CH3CCIF,) in the Eastern Mediterranean.

5.2  Methods

5.2.1 Observational Sites

Halocarbon measurements were conducted from December 2012 to August 2013 at the atmospheric
observation site in Finokalia (FKL, 35.34°N, 25.67°E, 250 m a.s.l. [UOC, 2016]), which is part of
the “Aerosol, Clouds and Trace gases Research Infrastructure” (ACTRIS). The station is located on
the northeastern coast of Crete on top of a hill, facing the Mediterranean Sea within a sector from
270° to 90°. It is surrounded by sparse vegetation and olive tree plantations, without significant hu-
man activity in the near vicinity, except a small village 3 km to the South. Heraklion, the closest,
more densely populated area (~200°000 inhabitants), is situated approximately 50 km west of Fino-

kalia.

Operational meteorological observations, such as wind speed, wind direction, temperature, relative
humidity and solar radiation are available at the station. In addition to classical air quality parame-
ters (ozone, nitrogen oxides, carbon monoxide) the station is equipped with a large suite of aerosol

measurements.

The halocarbon observations at Finokalia were complemented with data from the AGAGE sites at
Jungfraujoch and Mace Head and from Monte Cimone for this study. The high-altitude site Jung-
fraujoch (JFJ, 7.99°E, 46.55°N, 3573 m a.s.l.) is located in the northern Swiss Alps. It is usually
exposed to free tropospheric air but can also be affected by polluted boundary layer air from both
sides of the Alps [Zellweger, et al., 2003; Henne, et al., 2010; Herrmann, et al., 2015]. The Mace
Head observatory (MHD, 9.90°W, 53.33°N, 15 m a.s.l.) on the west coast of Ireland is normally
exposed to relatively clean air from the North Atlantic Ocean but can also be influenced by conti-
nental European air masses under certain atmospheric transport conditions. Similar to Jungfraujoch
the high-altitude site Monte Cimone (CMN, 10.70°E, 44.18°N, 2165 m a.s.l.) in the Apennine
Mountains in Northern Italy is often situated in the lower free troposphere, but especially during

daytime receives polluted boundary layer air [Bonasoni, et al., 2000].
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5.2.2  Analytical Methods

In situ measurements of halocarbons at the Finokalia observation site were conducted using a gas
chromatograph (Agilent 6890) mass spectrometer (Agilent 5973) (GCMS), coupled to an adsorption
desorption system (ADS) for pre-concentration of samples from the air [Simmonds, et al., 1995]. A
similar instrument is used at Monte Cimone [Maione, et al., 2013]. The ADS is the predecessor of
the Medusa pre-concentration unit, which is currently used at the AGAGE sites Jungfraujoch and
Mace Head [Miller, et al., 2008].

Two litres of air were sampled every 2 hours, with a collection duration of 40 min, 2 m above the
rooftop of the station building, using an inlet facing the open sea. For the correction of short-term
drifts of the mass spectrometer response, a working standard was measured after each 10" air
sample analysis. Two such standards were used throughout the project, both real-air samples com-
pressed into internally electro-polished stainless steel canisters (Essex Cryogenics, Missouri, USA)
at Rigi-Seebodenalp (Switzerland), using an oil-free diving compressor. These working standards
were calibrated against standards provided by the Scripps Institution of Oceanography (S10). All
results are reported on SIO calibration scales and expressed as dry air mole fractions in parts per
trillion (ppt), 102 The respective scales are SIO-05 for HFC-134a, HFC-152a, HCFC-22 and
HCFC-142b, S10-07 for HFC-143a and SI0-14 for HFC-125.

The measurement precision, which is calculated separately for each compound, was estimated as
the standard deviation of the working standard observations, inside a moving window covering 10
standard measurements (Table 5.1). Note that the precision for the ADS measurements at Finokalia
was up to an order of magnitude worse than for the sites equipped with the Medusa system. This
was partly caused by less frequent reference gas measurements by the ADS compared to the Medu-
sa. Nevertheless, for the atmospheric inversion this reduction in measurement precision can be tole-
rated, since the largest part of the total uncertainty in the inversion is contributed by uncertainties in
the transport model.

5.2.3 Data Treatment

Data quality was ensured by examining chromatographic quality and comparing observed mole
fractions to observations at selected European AGAGE sites (JFJ, MHD, CMN). Specific observa-
tions, showing poor chromatographic quality or unrealistic measurement behaviour were excluded

from the time series.

45



Abundance and sources of atmospheric halocarbons in the Eastern Mediterranean

Due to hardware problems of our mass spectrometer, no measurements were conducted from 22
March to 14 April. During the summer (June to August), the observation data behaviour of HFC-
134a and HFC-125 suggested a local pollution source in the vicinity (a few 100 m) of the station,
assumed to be a leaking refrigeration/air conditioning system close by. Because the transport model
(see section 5.2.4) cannot account for such local emissions, HFC-125 and HFC-134a data were re-
moved during the summer when local wind speeds were below 4 m s™ and the wind direction was
NNE-E.

Table 5.1: Basic statistics for the 3-hourly aggregates of the observations taken at all sites during the campaign period (Dec. 2012 — Aug.2013).
Observation sites are: Finokalia (FKL), Jungfraujoch (JFJ), Mace Head (MHD), Mt. Cimone (CMN). Shown are the number of observations (N), the
mean, minimum (Min), maximum (Max) and standard deviation (SD) for the observations and the baseline values, estimated with REBS. The mean
measurement uncertainty (co) was determined from the standard deviation of reference gas measurements and the baseline uncertainty (op) was
derived as one constant value by the REBS method (see Section 5.2.3).

Observations Background (REBS)
Site N Mean Min Max SD G, Mean  Min Max Cb
[ppt]  [ppt] [ppt] [ppt]  [ppt] [ppt]  [ppt]  [ppt]  [ppt]
© FKL 1467 808 728 94.2 3.4 0.8 79.7 77.2 83.0 19
<
® JFJ 1383 80.7 709 1193 53 0.2 77.0 74.6 79.1 1.3
8 MHD 1533 80.3 735 1220 56 0.2 77.4 76.3 78.9 0.7
T CMN 1040 86.1 728 1293 87 0.3 80.1 76.2 83.1 1.7
FKL 1193 159 128 223 1.3 04 15.3 14.1 16.1 0.6
g. JFJ 1373 16.1 13.3  26.9 1.7 0.1 14.9 14.1 15.7 0.3
; MHD 1514 158 139 281 1.7 0.1 14.9 14.5 154 0.2
CMN 1078 176 134 333 2.6 0.1 15.8 14.6 16.8 0.6
© FKL 1428 11.5 7.8 19.3 1.6 0.2 10.6 10.3 10.7 0.8
N
w© JFJ 1395 10.8 6.9 25.0 1.7 0.1 10.0 9.4 10.5 0.8
8 MHD 1527 10.9 8.4 15.0 0.9 0.1 10.6 9.7 10.8 0.4
= CMN 1096 11.7 7.3 21.6 19 0.1 10.3 9.7 10.7 0.7
< FKL 1252 174 132 29.6 2.2 1.2 16.3 15.8 16.7 0.9
™
3 JFJ 1411 16.7 13.7 256 1.6 0.1 154 14.5 16.0 0.3
8 MHD 1540 166 148 276 1.8 0.1 15.5 15.3 15.9 0.2
T CMN 1055 175 142 271 1.9 0.1 16.0 15.1 16.8 0.5
o FKL 1438 2358 2269 2716 35 1.8 2347 233.0 2379 2.3
8 JFJ 1389 2349 2249 2524 29 0.6 2342 233.0 236.3 2.2
é MHD 1523 2358 2303 2598 1.8 0.6 2352 2350 236.0 11
CMN 980 235.1 2252 2555 3.3 0.7 2340 2322 2358 1.9
8 FKL 1075 239 213 272 0.9 0.6 23.7 22.6 24.5 0.5
:I JFJ 1392 234 224 26.1 0.4 0.1 23.2 23.1 23.4 0.2
g MHD 1533 233 227 247 0.2 0.1 23.2 23.1 23.3 0.1
I

CMN 1046 238 225 268 0.5 0.1 235 23.2 23.8 0.3
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Since the transport simulations can only account for the regional emissions in a limited domain and
during the time of backward integration (see Section 5.2.4), it was necessary to obtain a baseline
mole fraction that represents the conditions at the endpoints of the transport simulation. To this end,
a statistical method was applied to the observations assuming that a considerable part of the obser-
vations was not, or only weakly, influenced by emissions within the period of the transport simula-
tion. The “Robust Estimation of Baseline Signal” (REBS) algorithm [Ruckstuhl, et al., 2012] de-
tects these baseline observations by iteratively fitting a local linear regression model to the data,
excluding data points outside a range around the baseline and finally arriving at a smooth baseline
curve. The measured dry air mole fraction, X,, can then be represented as the sum of the baseline

mole fraction, X, ,, and the input due to recent emissions, X, .

The REBS method was applied separately to the high frequency observation data of each compound
and each observation site, using a temporal window width of 30 days and a maximum of 10 itera-
tions with asymmetric robustness weights. Derived mean baseline values for each site and the res-
pective baseline uncertainties, op, are shown in Table 5.1. Finally, three-hourly aggregates were
produced from the observations at Finokalia and the other European AGAGE sites (JFJ, MHD,

CMN) in order to match the transport model’s temporal output interval.

5.2.4  Transport Simulations

The Lagrangian Particle Dispersion Model FLEXPART (version 9.02) [Stohl, et al., 2005] was used
to derive source sensitivities, also referred to as footprints, for 3-hourly intervals at all four observa-
tional sites. The source sensitivities quantify the effect of an emission source at a certain grid loca-
tion and of unit strength (1 kg s™) on the mole fractions at the receptor. Multiplication of the source
sensitivity with an emission field and summation over the entire grid yields the simulated mole frac-
tion at the receptor [Seibert and Frank, 2004; Stohl, et al., 2009]. FLEXPART calculates transport
by mean and turbulent flow as well as transport within convective clouds. Here, it was driven by
meteorological fields obtained from the operational analysis of the Integrated Forecast System
(IFS), provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). Input
fields were available at 3-hourly intervals at a global resolution of 1° by 1° and a nested domain
with a resolution of 0.2° by 0.2° for the Alpine area. FLEXPART was run in “backward” mode,
where 507000 particles were released from each observation site in 3-hourly intervals and followed
10 days backward in time. Assuming that emissions are predominantly originating at the ground,
the source sensitivities were calculated for a layer reaching from 0 m to 100m above ground. Ac-
cording to the experience of previous studies, the release height of particles, followed by FLEX-
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PART along backward trajectories, was set to 3000 m a.s.l. and 2000 m a.s.l. for the high-altitude
stations JFJ and CMN, respectively, where model and real topography differ significantly [Keller, et
al., 2012]. For FKL a particle release height of 150 m a.s.l., corresponding to 30 m above the model
topography, was chosen, 70 m below the real altitude. However, a comparison between this release

height and a release at the true altitude above sea level did not show any significant differences.

Because of the long lifetime of the substances analysed in this study, removal processes were ne-
glected in the FLEXPART simulations. Of the analysed compounds, HFC-152a has the shortest
tropospheric lifetime of 1.6 years [Carpenter and Reimann, 2014]. Applying this average lifetime,
only about 1.7 % of fresh HFC-152a emissions would be degraded during the 10 day transport pe-
riod.

5.2.5 Atmospheric Inversion
To estimate spatially resolved emissions, a Bayesian inversion method [Enting, 2002] as imple-
mented and described in Henne et al. [2016] was used. Here we only describe the most integral

parts of the method and modifications as compared with Henne et al. [2016].

In short, the source sensitivities simulated by FLEXPART provide the link to describe a linear rela-
tionship between simulated mole fractions at the observation sites, y, and an emission field, x,

which can be written in matrix notation as

y = Mx, (19)
where M is the source sensitivity matrix constructed from the individual source sensitivities. The
state vector, x, contains the emissions of each grid cell in the inversion grid and baseline mole frac-
tions, given at baseline nodes at discrete time intervals for each site. Consequently, the matrix M
contains two block matrices ME and M2, denoting the dependence on emissions and baseline mole
fractions, respectively. M2 is designed such that the elements represent temporally linear interpo-

lated values between neighbouring baseline nodes [Stohl, et al., 2009; Henne, et al., 2016].

In the Bayesian approach, the a posteriori state, x,,s., is obtained such that the simulations optimal-
ly fit the observations, y,, under the presumption of a given prior state x,.;,,. This can be achieved

by the minimization of the following cost function,
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1
] = E (xpost - xprior)TB_l(xpost - xprior)
(20)

1
+ E (Mxpost - yO)R_l(Mxpost - yO);
where the first term gives the deviation of the posterior state vector x,,,s, from the a priori state vec-
tor x,.;0 and the second term, the misfit between the simulated mole fractions, Mx,,., and the

observations, y,. B is the uncertainty covariance matrix of the a priori state vector and R denotes
the uncertainty covariance matrix of the data-mismatch and contains both observation and model

uncertainties. Section 5.2.7 details how B and R were set up for this study.

To increase the spatial coverage of our analysis and thereby reduce the uncertainties at the periph-
ery of the Eastern Mediterranean, simultaneous measurements from the three AGAGE sites in
Western Europe were included in addition to those in Finokalia. Thus, our inversion grid covered
most of Southern and Central Europe, reaching from the Atlantic to the Middle East. To represent
the large variety of advection patterns, influencing the observations at the AGAGE sites in our
study area, measurements from Dec. 2012 — Dec. 2013 were used in the inversion.

The applied inversion derives spatially-resolved, but temporally-constant emissions. In order to
reduce the size of the inverse problem, which depends on the number of grid cells, an inversion grid
with variable grid resolution was defined. Grid cells, for which the average source sensitivity was
below a predefined threshold, were joined with their neighbours until the combined source sensitivi-
ty was sufficiently large or up to a maximum horizontal grid size of 6.4° by 6.4°. In contrast to pre-
vious studies, using variable grid resolutions [Stohl, et al., 2009; Brunner, et al., 2012a; Henne, et
al., 2016], the initially computed irregular grid was manually adjusted to ensure that large grid cells
did not overlap with different emission regions. This assured a more accurate assignment of emis-
sions per region and their uncertainties, especially in the case of large emissions close to regional

borders, and when different a priori uncertainties were given to neighbouring regions.

526 A priori Emissions

A Bayesian inversion requires a priori knowledge of the state vector to guide the optimisation pro-
cess. In order to specify a priori emissions and their uncertainty for each grid cell of the inversion
grid, emission information was collected on the country/region level and then spatially disaggre-
gated following population density. Since optimising emissions from small and distant (from the
observation locations) countries can be afflicted with large uncertainties, we aggregated country-

specific a priori information to larger regions (see Table 5.5 and Figure 5.1 for region definitions).
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These were introduced with the intention to separate developed (Annex I/non-Article 5) and deve-
loping (non-Annex I/Article 5) countries wherever possible. Total a priori uncertainties were as-
signed to each country/region and each compound separately and then spatially disaggregated fol-
lowing the same population density as for the emissions, which results in constant relative uncer-
tainties for each country/region. This is an improvement as compared with previous studies that

used uniform relative uncertainty in the whole inversion domain. [e.g., Keller, et al., 2012].
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Figure 5.1: lllustration of region definition used in the discussion of emission estimates: Greece (light turquoise), Turkey (Turkey, Cyprus; pale
yellow), Balkans (Serbia, Montenegro, Kosovo, Albania, Bosnia and Herzegovina, Croatia, Slovenia, Macedonia; light green), Eastern (Ukraine,
Romania, Moldova, Bulgaria; pale pink), Middle East (Jordan, Lebanon, Syria, Palestine, Israel; blue), Egypt (pale purple), Maghreb (Morocco,
Algeria, Tunisia, Libya; orange), Central E (Poland, Slovakia, Czech-Republic, Hungary; grey), Central W (Switzerland, Liechtenstein, Germany,
Awustria, Denmark; purple), Western (France, Luxembourg, Netherlands, Belgium; pale green), Italy (red), lberian Peninsula (Spain, Portugal; yellow),
British Isles (Ireland, United Kingdom; light turquoise).

Our a priori country total HFC emissions for Annex | parties were based on the 2016 National In-
ventory Submissions to the UNFCCC [UNFCCC, 2016a] for the year 2013, collected from indivi-
dual country “common reporting format” tables. To estimate prior emissions for countries within
our inversion domain not reporting to the UNFCCC (Non-Annex I), reported emissions were sub-
tracted from estimated global emissions in 2012 provided by Carpenter and Reimann [2014]. The
remaining emissions were further disaggregated to the individual country level, based on population
data, provided by the UN population division [UN, 2016]. Uncertainties for reported “bottom-up”

emissions were arbitrarily set to 20%, whereas estimated a priori emissions for non-reporting coun-
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tries were given a higher uncertainty of 100% (Table 5.5). The sensitivity of our posterior emissions

to these choices was analysed in additional inversion runs (see Section 5.2.8).

HCFC-22 global emission estimates provided by Carpenter and Reimann [2014] were distributed
based on regionally estimated shares by Saikawa et al. [2012], assuming that contribution ratios of
the regions defined in their study have not changed significantly since the period of 2005 — 20009.
Emission estimates in areas with differing regional extents in our study compared to that of Saikawa
et al. [2012] were rearranged using population data. The resulting prior emissions for the European
domain compare well with estimated European emissions, derived by Keller et al. [2012] during
their campaign in 2011. Uncertainties were calculated to add up to a combined uncertainty of the
used global estimate from Carpenter and Reimann [2014] and the regional estimates derived by
Saikawa et al. [2012] (Table 5.5).

Based on the assumption, that HCFC-142b and HCFC-22 emissions are largely collocated, the same
above mentioned regional emission shares are used to derive HCFC-142b prior emissions. Resul-
ting European emissions were further scaled to match HCFC-142b estimates from Keller et al.
[2012], while Russian emissions, which were not covered in the above mentioned study, were sca-
led using temporally extrapolated emissions from EDGAR [JRC/PBL, 2009]. Due to the lack of
information and on the basis that Article 5 countries are still allowed to use HCFCs after the phase-
out of HCFCs in non-Article 5 countries, North African and Middle Eastern countries within our
domain were left unscaled, but given a regional total uncertainty of 100% allowing for substantial
corrections of the a priori emissions by the inversion. European regions containing developing and
developed countries, as well as Russia were assigned a smaller uncertainty of 50%, reflecting the

availability of scaling information.

5.2.7  Covariance Treatment

We followed three different strategies how to design the covariance matrices B and R. The first two
(‘Global’ and “Local’) use complete uncertainty covariance matrices and are similar to the one used
in Henne et al. [2016], whereas the third method (‘Stohl’) assumes uncorrelated uncertainties and
uses diagonal-only uncertainty covariance matrices [Stohl, et al., 2009]. The latter has already been
used successfully to derive regional halocarbon emissions [e.g. Vollmer, et al., 2009; Keller, et al.,
2012].

The uncertainty covariance matrix B of the a priori state-vector consists of two symmetric block

matrices BE and BB, containing the uncertainty covariance of the gridded a priori emissions and the
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baseline mole fractions, respectively. Diagonal elements of BE, defining the uncertainty of each
grid cell emission, were set proportional to the a priori emissions in each cell. The diagonal ele-
ments of BB were set to the constant value of the baseline uncertainty o, as estimated by the REBS
method for each observation site (see Section 5.2.3), scaled by a constant factor f;,. For the cova-
riance methods ‘Global’ and ‘Local’ the off-diagonal elements of BE were defined according to a
spatial correlation, decaying exponentially with the distance between a grid cell pair and utilising a
correlation length, L, which was set to 200 km for all inversions. Furthermore, the baseline mole
fractions were assumed to be correlated temporally, described by an exponentially decaying rela-
tionship in the off-diagonal elements of B2, based on the temporal correlation length, 7, set to 5
days. For the covariance method *Stohl’, B only contained values in the diagonal, implying uncor-
related a priori uncertainties. For all three approaches it was assured that the total by-region a priori

uncertainty of emissions is the same as defined above.

The covariance matrix R contains the uncertainty of the observations and the model (data-

mismatch), . = /02 + 62,40, FOr the covariance methods ‘Global’ and ‘Local’ the diagonal
elements of R were defined as a combination of the observation uncertainty oo and the model un-
certainties a,,,4¢1- 0o CONtained the measurement uncertainty (see Section 5.2.2) and g,,,4.; Was
calculated iteratively for each site, incorporating the root mean square error (RMSE) between an a
priori simulation and the observed mole fractions. Off-diagonal elements of R were assumed to fol-
low an exponentially decaying structure [Henne, et al., 2016]. The temporal correlation length, .,
of the combined uncertainty, ., was based on the autocorrelation of the a priori model residuals.
Two different approaches were followed to determine 7. First (method ‘Global’), a constant value
of 7. for the entire time period and each site was estimated fitting an exponential decay to the first
two lags of the global autocorrelation function of the residuals. In a second approach (‘Local’), the
autocorrelation was evaluated locally within moving windows with a half-width of 80 data points
(10 days). Again T, was then calculated from an exponential fit to the first three values of the auto-
correlation function for each window. These procedures to estimate 7, worked successfully for all
compounds and sites, except for HFC-143a at Finokalia, for which large, unexplained peaks in the
observed time series lead to very large values in the autocorrelation function and consequently ..
To allow for a meaningful inverse adjustment, a constant 7. was used for HFC-143a, based on the

mean value of . for the other compounds.

In the alternative approach (‘Stohl’) R was specified similar to the above mentioned method, using

the RMSE between a priori simulation and observations. In addition, the extreme values in the resi-
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dual distribution were filtered and assigned larger uncertainties, in order to derive a more Gaussian
distribution of the a priori residuals normalised by o [Stohl, et al., 2009]. As a result, a dispropor-
tional influence of extreme values, which were not resolved well by the transport model, can be

avoided. Furthermore, off-diagonal elements in R were set to zero in this approach.

5.2.8  Sensitivity Inversions

The a posteriori uncertainty, analytically estimated by a Bayesian inversion, often strongly depends
on assumptions made on the a priori and data-mismatch uncertainty as well as on the general design
of the inversion system. A number of previous studies have shown that this analytical uncertainty is
often too small to realistically cover the real a posteriori uncertainty [e.g., Bergamaschi, et al.,
2015]. To further explore the range of this structural uncertainty of the inversion setup and test the

robustness of the a posteriori results, a set of sensitivity inversions were performed (see Table 5.2).

Table 5.2: Setup for the base inversion (Base) and the sensitivity inversions (S-XX). Method refers to the uncertainty treatment explained in Section
5.2.7. The sites are abbreviated as follows: Finokalia (FKL), Jungfraujoch (JFJ), Mace Head (MHD) and Monte Cimone (CMN).

Inversion Method Sites Prior emissions uncertainty
scaling factor

BASE Global FKL, JFJ, MHD, CMN 1

S-ML Local FKL,JFJ), MHD, CMN 1

S-MS Stohl  FKL, JFJ, MHD, CMN 1

S-UH Global FKL, JFJ, MHD, CMN 15

S-UL Global FKL, JFJ, MHD, CMN 0.5

S-NFKL  Global JFJ, MHD, CMN 1

S-OFKL  Global FKL 1

The inversion using the a priori emissions as described above, the ‘Global’ method for setting up
the covariance matrices B and R, and observations from all four sites was chosen to represent the
base inversion (BASE) setup. The base case does not necessarily offer the best inversion settings for
each substance and each site, as these are generally not known, but serves as a starting point to as-
sess the sensitivity of the inversion towards differently chosen parameters.

A first set of sensitivity inversions was used to analyse the effect of different covariance matrix de-
signs. In contrast to the BASE inversion, S-ML and S-MS used the ‘Local’ and ‘Stohl” approach as
described in Section 5.2.7.

We then explored the sensitivity of our a posteriori results towards a priori emission uncertainties,
with regard to the inhomogeneous availability of a priori information on halocarbon emissions wi-
thin our inversion grid. To this end, the a priori uncertainty for each region was increased/decreased
by 50 % as compared to the base uncertainty (S-UH, S-UL).
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In a third set of sensitivity runs the influence of the additional observations gathered during the
campaign at Finokalia on the a posteriori emissions in western Europe, central Europe and the Eas-
tern Mediterranean was tested. One sensitivity inversion was set up, excluding the observations
from Finokalia (S-NFKL), whereas in a second inversion, only measurements from Finokalia were
taken into account (S-OFKL). Using this approach, two questions can be answered. First, what is
the gain of the Finokalia observations for top-down emission estimation in the Eastern Mediterra-
nean and, second, did the inclusion of the additional AGAGE sites provide substantial constraints

for the same area?

5.3  Results and Discussion

In this section an overview about the measurements taken in Finokalia (FKL) is followed by a com-
prehensive presentation and discussion of the inversion results. The performance of the BASE in-
version is shown exemplarily for HFC-134a in more detail before the results of the sensitivity in-
versions are presented, highlighting the differences between the BASE case and these inversions.
The “top-down” emission estimates for defined regions within the inversion domain are shown in

the last section.

5.3.1 Flow Regime and Observations at Finokalia

During our measurement campaign from December 2012 to August 2013, local wind observations
showed a transition from a northerly wind regime in December to a more variable wind regime with
a bias towards westerly directions from January to June. July and August were characterized by
very constant easterly to north-easterly winds. These local observations agree with the results of the
atmospheric transport simulations, showing air transported to the station from the African continent
and the Western Mediterranean in February and March (Figure 5.2a). The area of influence changes
more towards South-eastern Europe in early summer, whereas in July and August, air is transported

from a narrowly defined north-easterly sector (Figure 5.2b).
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Figure 5.2: Average FLEXPART derived source sensitivities for Finokalia and two characteristic flow regimes during the measurement campaign:
a) shows the variable flow during winter and spring and b) northeasterly flow during the summer months.

These conditions observed during the campaign in 2012/2013 agree with previous descriptions of
the wind climatology at FKL, that also observed two distinct meteorological regimes in Crete. Du-
ring the dry season from May to September, air masses are usually advected from central and eas-
tern Europe and the Balkans, whereas the wet season from October to April is more variable in
terms of air transport and favours air masses from the African continent and from marine influenced
westerly sectors [Kouvarakis, et al., 2000; Gerasopoulos, et al., 2005]. Therefore, the halocarbon
observations presented here can be expected to be the result of typical advection conditions at FKL.

The halocarbon observations collected at FKL during the campaign are shown in Figure 5.3, togeth-
er with data from JFJ and CMN for comparison. The range of the observations at FKL and the tem-
poral evolution of the atmospheric baseline signals agreed well between the sites.

For HFC-134a and HFC-125, which are mainly used as refrigerants in mobile and stationary air
conditioning, the maximum measured mole fractions and the variability at FKL was smaller than
what was simultaneously measured at the two other stations. This could be expected from the mari-
time influence at FKL, with the closest larger metropolitan areas at a distance of 350-700 km, as
compared to nearby emission hot-spots for JFJ and CMN (e.g., Po Valley). For HFC-143a, pollu-
tion peaks were comparable to the measurements at CMN during a short period in the beginning of
the campaign (Dec - Feb). After this period, the variability decreased with no more large pollution
peaks observed. HFC-152a and HCFC-22 observations showed a similar pattern at FKL as at the
other sites. Particularly high mole fractions during several pollution periods were observed for
HCFC-22, indicating the proximity of emissions possibly from Article 5 countries, where the use of
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HCFCs has just recently been capped. Although the highest observed mole fractions were relatively
large, they occurred less frequently than those observed at JFJ and CMN. This was probably due to
distant but strong pollution sources influencing the observations at FKL. HCFC-142b mole frac-
tions showed large variability and comparably large peak mole fractions during the summer period

at FKL, but again with a slightly lower frequency than at JFJ.

The mean baseline values at FKL for HFC-134a, HFC-125, HCFC-22 and HCFC-142b, calculated
with the REBS method [Ruckstuhl, et al., 2012], were within a range of +7 % of the baseline values
derived for the other three sites (see Table 5.1). Maximum baseline deviations of +13 % were esti-

mated for HFC-143a and HFC-152a as compared with JFJ.
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5.3.2 Base Inversion

For the BASE inversion, the covariance design based on the ‘Global’ autocorrelation function, as
described in Section 5.2.7, was used, combined with the complete set of observations from all four
sites, including the observations from FKL. Exemplarily, a comparison of simulated prior and pos-
terior HFC-134a with the underlying observations is shown in Figure 5.4. At all four sites the simu-
lated a priori mole fractions reproduced the variability of the observations, indicating satisfactory
performance of the transport model. Simulations of the a priori mole fractions showed a tendency to
underestimate the observations during peak periods at JFJ, MHD, and CMN, whereas the a priori
simulation generally overestimated the observations at FKL. Here, a similar behaviour of the a prio-
ri simulations was also observed for HFC-152a, whereas the tendency to underestimate the observa-
tions (like at the AGAGE sites) was apparent for all other analysed compounds. Since FKL and the
AGAGE sites are mostly sensitive to distinctly different regions, the general overestimation in the
prior simulations already points towards generally overestimated or spatially misallocated a priori

emissions in the Eastern Mediterranean.

For all four stations, the inversion considerably improved the correlation between observations and
simulations, which was evaluated based on the coefficient of determination R?. The performance of
the simulated a posteriori signal increased to R® = 0.74 for FKL and MHD, 0.5 for JFJ and 0.54 for
CMN, which corresponds to an improvement of R* by AR? = 0.33 for FKL, AR? = 0.13 for MHD,
AR? = 0.17 for JFJ and AR? = 0.15 for CMN (Table 5.3). Only accounting for the simulated and
observed signal above the baseline, the performance was lower for FKL (R? = 0.29), JFJ (R? = 0.34)
and CMN (R? = 0.28). The correlation of the signal above the baseline for MHD (R? = 0.73) re-
mains as high as for the complete signal. These values indicate good inversion performance results
and are comparable to other studies, using similar inversion schemes [Stohl, et al., 2009; Vollmer, et
al., 2009; Keller, et al., 2012]. The performance ranking between the sites and the large above base-
line correlation at MHD also agree with our expectations. The latter is due to the coastal location of
MHD with negligible emissions west of the site for several thousand kilometres across the Atlantic
Ocean and the fact that synoptic scale flow, which is well captured by the transport model, intermit-
tently drives European emissions towards the site. In contrast, transport to JFJ and CMN is driven
by small scale flow systems and baseline conditions are generally less well-defined in free tropos-
pheric conditions that tend to be more variable. Finally, while FKL is a coastal site like MHD, it
does not exhibit a well-defined baseline sector, since emission sources may be found at the entire
coastline in the Eastern Mediterranean at distances around 1000 km from the site.
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Figure 5.4: HFC-134a time series of the base inversion for 2013, showing the observed mole fractions at the respective sites (grey) and the simulated
values (a priori: red; a posteriori: blue) and their baseline conditions (a priori: light red; a posteriori: light blue).

To evaluate the ability of the model to simulate the observed amplitudes correctly, we used the Tay-
lor skill score (TSS), combining correlation and variability of observed and simulated mole frac-
tions [Taylor, 2001]. The maximum attainable Pearson correlation coefficient, indicating a “perfect”
simulation in terms of the strength of the relationship between simulated values and observations
was set to 0.9. Thus a TSS of 1 indicates a perfect simulation with regards to amplitude and correla-
tion, whereas a TSS of 0.65 means that the observed variability is under/overestimated by a factor

of 2 for perfectly correlated simulations. Although the normalized standard deviation decreased for
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FKL, the TSS was increased to 0.95 due to the improvement of the correlation of posterior results
and observations, indicating, that although the relationship of observations and simulations was
increased, the inversion did not adjust the amplitudes of the pollution peaks. At CMN the a poste-
riori TSS increased to 0.74, driven by both, an increase of the normalised standard deviation and
correlation, whereas the TSS for JFJ and MHD decreased to 0.71 and 0.75 respectively. The latter is
due to a reduction of simulated peak heights compared to the a priori simulation, while the correla-
tion was strongly improved. In general, the resulting Taylor skill scores were in a similar range as in

previous regional-scale inversion studies [Brunner, et al., 2016; Henne, et al., 2016].

Model and inversion performance were also evaluated using the Root-Mean-Square-Error (RMSE;
a combined measure of variability and bias) between simulated and observed mole fractions. Its
reduction from a priori to a posteriori simulations amounted to 20%, 12% and 10% for JFJ, MHD
and CMN, respectively. The absolute a posteriori RMSE was in the range of 2.9 — 5 ppt for these
sites. The RMSE improvement for FKL from the a priori RMSE (4.7 ppt) to the a posteriori RMSE
(1.7 ppt) was much larger (64%). This can be attributed to the above mentioned overestimation of
the simulated prior values and the optimisation by the inversion, which also included a considerable
reduction of the baseline. Again, these RMSE reductions were in a similar range as those reported
in previous studies [Stohl, et al., 2009; Vollmer, et al., 2009; Keller, et al., 2012].

The inversion performance of HFC-125 and HCFC-142b was similar to HFC-134a, with mean pos-
terior TSS of 0.81 and 0.78, respectively, compared to 0.78 for HFC-134a. For HFC-152a, HFC-
143a and HCFC-22 they decreased to 0.73, 0.74 and 0.75, respectively (Table 5.3).

For the BASE inversion of the exemplary compound HFC-134a a posteriori were mostly smaller
than a priori emissions with the exception of areas in Northern Italy, Slovenia, Croatia and along the
western part of the British Channel (Figure 5.5a). Most pronounced emission differences in the Eas-
tern Mediterranean were associated with the larger urban centres in Greece and Turkey (Athens,
Thessaloniki, Istanbul), whereas in Western and Central Europe similarly large reductions were
assigned to the Benelux area and the western part of Germany as well as to the UK. Within the
same BASE inversion of HFC-134a the analytic uncertainty in the Eastern Mediterranean was redu-
ced by more than 80% from its prior value for grid cells containing large metropolitan areas such as
Athens and even Cairo (Figure 5.5b). For Western Turkey and large parts of the Balkans, the uncer-
tainty was reduced by 30-60%, which shows, that we achieve satisfactory emission estimates for the
targeted areas in the Eastern Mediterranean. Similar reductions are also achieved over large parts of

Western and Central Europe, to which the AGAGE sites are sensitive. Although other adjacent
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areas such as Middle Eastern countries bordering the Mediterranean Sea (e.g., Israel, Jordan) and
countries further Northeast (e.g., Ukraine) were detected during our measurement campaign, the

uncertainty was reduced less by the inversion (10-30%).

Table 5.3: Inversion performance of the BASE inversion at Finokalia (FKL), Jungfraujoch (JFJ), Mace Head (MHD) and Monte Cimone (CMN). N is
the number of observations used for the inversion. RMSE, R? and TSS denote the root mean square error, coefficient of determination and the Taylor
skill score of the complete signal and RZ4, is the coefficient of determination of the signal above background.

Sitt' N RMSE (ppt) R? Rag TSS
apriori apost prior post prior post prior post
FKL 1421 47 17 041 074 020 029 086 0.95

% JHJ 1946 4.5 36 033 050 025 034 082 071
8 MHD 2005 3.3 29 061 074 061 073 093 0.75
* CMN 1801 5.8 51 039 054 025 028 0.62 0.74
FKL 1147 14 08 031 059 012 0.16 0.81 0.88
§ JFJ 1938 1.2 12 045 054 034 040 079 0.74
; MHD 1975 1.0 08 063 074 062 071 088 0.89
CMN 1840 18 16 042 053 029 032 062 0.76
© FKL 1428 4.0 1.2 000 043 000 011 039 0.62
§ JHJ 1960 14 13 036 049 021 031 059 0.65
9 MHD 2011 0.7 05 054 072 026 038 089 0.90
* CMN 1864 15 13 033 055 019 029 054 0.74
- FKL 1252 23 16 006 053 001 003 026 0.67
&) JHJ 1973 1.2 11 043 048 036 038 083 0.70
f_':f MHD 2052 1.1 09 063 072 065 071 079 0.85
* CMN 1814 15 14 041 048 031 031 074 0.72
FKL 1426 3.7 27 015 042 005 015 052 0.62
§ JFJ 1953 2.8 21 031 050 014 023 0.77 0.73
é MHD 1994 1.8 13 041 065 026 036 084 0.89
CMN 1728 3.0 23 035 050 015 0.19 0.76 0.76
o FKL 1065 0.6 05 052 064 000 0.02 079 0.87
%:I JHJ 1960 04 03 024 039 012 015 036 0.62
% MHD 2042 0.2 0.1 042 066 036 052 064 084
I

CMN 1802 0.4 03 048 056 021 019 057 0.82

Similar patterns of uncertainty reduction resulted for HFC-152a, HFC-125, HCFC-22 and HCFC-
142b. For HCFC-142b the reduction was lower for the Balkans (~ 10%), but similarly large for
Western Turkey (20-40%). For HFC-143a, the uncertainty was reduced by 20 % for the area of

Athens, whereas only negligible reductions were estimated for Turkey.
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Figure 5.5: a) Emissions difference (posterior — prior) of the BASE inversion of HFC-134a. b) Relative reduction of the a posteriori uncertainty
compared to the a priori uncertainties.

5.3.3  Sensitivity Inversions

Influence of Covariance Design

The first sensitivity inversion, S-ML, uses the ‘Local” approach to estimate the temporal correlation
length scale of the data-mismatch uncertainty (see Section 5.2.7). As a consequence, the weights
different observations were given in the inversion were slightly redistributed as compared with the
BASE inversion. For our exemplary compound HFC-134a, the model performance in terms of the
RMSE was similar to the BASE inversion at FKL, CMN and JFJ. For MHD the RMSE was not
reduced by the inversion, thus compared to the base inversion, posterior RMSE values were 14%
higher. The same pattern was observed for the coefficient of determination R?, which was increased
by less than 2% for FKL, CMN and JFJ, but dropped by approximately 8% at MHD. Despite the
slight increase in the correlation at FKL, CMN and JFJ, the Taylor Skill Score decreased between 1-
4%, indicating that in the S-ML case, the peak amplitudes are not as well simulated than in our
BASE inversion. For MHD, the TSS was reduced by 12%, reflecting that in addition to the lower

correlation, S-ML also underestimated the peak amplitudes at this coastal location.

The sensitivity case S-MS used uncorrelated a priori and data-mismatch uncertainties (see Section
5.2.7). As opposed to S-ML, the RMSE of S-MS for HFC-134a was improved by 14%, 6% and 2%
at MHD, JFJ and CMN respectively, as compared with the BASE inversion, whereas no impro-
vement was observed for FKL, which showed a small RMSE of 1.7 ppt in the BASE inversion al-
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ready (Table 5.4). R* was generally higher for S-MS compared to the BASE inversion. It increased
between 1-3% for FKL, CMN and MHD and by 6% for JFJ, showing the best absolute performance
for MHD and FKL in the posterior R?, with 0.76 and 0.75, respectively. As indicated by higher
Taylor skill scores (Table 5.4), S-MS was also able to more closely reproduce the amplitude of the

peaks at all sites as compared to the BASE inversion.

Table 5.4: Inversion performance of the base inversion and the sensitivity inversions S-ML and S-MS for HFC-134a at Finokalia (FKL), Jungfraujoch
(JFJ), Mace Head (MHD) and Monte Cimone (CMN). N is the number of observations used for the inversion. RMSE is the root mean square error in
ppt (parts per billion 10™%). R? denotes the coefficient of determination of the complete signals and RZ%, is the coefficient of determination of the
signals above background. TSS shows the Taylor Skill Score of the entire signal.

Site. N RMSE R’ Rag TSS
apriori apost prior post prior post prior post
FKL 1421 4.7 1.7 041 074 020 029 086 0.95
JFJ 1946 45 36 033 050 025 034 082 071

@
& MHD 2005 3.3 29 061 074 061 073 093 0.75
CMN 1801 5.8 51 039 054 025 028 062 0.74
FKL 1421 47 1.7 041 075 020 0.28 086 0.95
§l JFJ 1946 45 36 033 050 025 032 082 0.68
& MHD 2005 3.3 33 061 068 061 068 093 0.66
CMN 1801 5.8 51 039 055 025 028 062 0.73
FKL 1421 47 1.7 041 075 020 036 086 097
g JHJ 1946 45 34 033 053 025 04 082 080
& MHD 2005 33 25 061 076 061 075 093 0.90

CMN 1801 538 50 039 055 025 031 062 0.78

Total HFC-134a emissions for the whole inversion domain were 10% lower for the S-ML case,
whereas they were 30% higher for S-MS, as compared to the BASE inversion. While regional emis-
sions from Greece and the Balkans were relatively unaffected in the S-ML case, more pronounced
negative deviations compared to BASE were established for Turkey (-14%), Central W (FR, LU,
NL, BE; -23%) and the Iberian Peninsula (ESP, PT; -22%) (Figure 5.5 and Figure 5.6b,c). A poste-
riori differences were less smooth in the S-MS inversion as compared to the BASE and S-ML in-
versions (Figure 5.6b), reflecting the effect of not using a spatial correlation in the a priori emis-
sions. Regional emissions estimated with S-MS were generally higher as compared to the base in-
version (Figure 5.6¢). Significantly (40%, p < 0.05) higher emissions were obtained in the UK and
Ireland, compared to the BASE inversion. Regional emissions of North-Western Europe and the
Balkans were larger by 20-60% in S-MS.
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Figure 5.6: Difference of the a posteriori and a priori emissions for (a) the S-ML and (b) the S-MS inversions of HFC-134a. (c) regional emission
estimates: a priori emissions (red) and a posteriori emissions (BASE = green, S-ML = blue, S-MS = purple). The uncertainties given are two standard
deviations of the analytic uncertainty assigned to the a priori emissions and derived by the inversion as a posteriori uncertainties.

In summary, S-ML showed a slightly weaker performance than the BASE inversion, with insignifi-
cantly lower total emission estimates but similar analytic uncertainties. On a regional level, the im-
pact of S-ML on the estimated emissions varies by region, showing less influence on the Balkans
and Central W, whereas larger deviations were seen for Turkey, Western and the British Isles. On
the contrary, S-MS performed slightly better and resulted in generally larger emissions than the
BASE inversion, but confirmed the significant emission reductions as compared to the a priori

emissions.

Influence of A priori Uncertainty

To assess the influence of our regionally assigned a priori uncertainties, the sensitivity inversions S-
UL and S-UH were run with 50% smaller and larger a priori emission uncertainties as compared to
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the base inversion. As expected, a posteriori model performance generally increased with larger a
priori uncertainties because the optimisation is less constrained by the prior. However, HFC-134a
domain total a posteriori emissions remained similar to those in the BASE inversion, whereas S-UL
resulted in slightly increased emission estimates, remaining closer to the prior emissions (see
supplement). A posteriori HFC-134a emission uncertainties were decreased (increased) by ~28%
and ~16% in comparison to the BASE inversion, if a priori emission uncertainties were smaller and

larger, respectively (Figure 5.7).
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Figure 5.7: Difference of the a posteriori and a priori emissions for (a) the S-UH and (b) the S-UL inversions. (c) regional emission estimates: a priori
emissions (red) and a posteriori emissions (BASE = green, S-UH = blue, S-UL = purple). The uncertainties given are two standard deviations of the
analytic uncertainty assigned to the a priori emissions and derived by the inversion as a posteriori uncertainties.

In general, the absolute emission estimates for the study domain seemed to be very robust to
changes in the a priori uncertainty. A posteriori emission estimates for the case with lower a priori
uncertainties (S-UL), comprising all the analysed species except HFC-134a, showed insignificantly
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larger total emissions. This reflects the constraint, which requires the results to follow the a priori
emissions more closely in this case. Total a posteriori emissions in the case of larger a priori emis-
sion uncertainties remained close to our BASE case. Emission uncertainties in the a posteriori, as
compared to the BASE inversion, were on average about 18% higher and 27 % lower for the S-UH
case and the S-UL case, respectively. This tendency can be expected from the a priori emission un-
certainties. The results of these two sensitivity inversions emphasize the general robustness of the
inversion system to changes in the a priori emission uncertainties. Exceptions in the case of HFC-

134a are discussed in the following section.

5.3.4 Regional Total Emissions

Our estimated regional total emissions are summarized in Table 5.5 and Figure 5.8. The “top-down”
emission estimates presented here are the mean values of the BASE and four sensitivity inversions
(S-ML, S-MS, S-UH, S-UL). The uncertainty range given here and in Table 5.5 represents the range
of these five inversions based on their mean values and the analytical a posteriori uncertainty (95%
confidence interval), whichever is larger. This measure was chosen to accommodate, on the one
hand, the analytical uncertainty as estimated by the Bayesian formulation and estimated for each
inversion run as the a posteriori uncertainty, and, on the other hand, the structural uncertainty that is
reflected by the spread of the sensitivity inversions and results from choices in the parameter se-
lection of the covariance design. The comparison between structural and analytic uncertainties re-
veals that the dominating type of uncertainty varies largely between different compounds and diffe-
rent regions. For most compounds and regions the two types of uncertainty fall within a similar
range (HFC-152a; HFC-143a; HFC-125; HCFC-22; HFC-134a only in the eastern part of the do-
main). For HCFC-142b the structural uncertainty was generally smaller than the average a posterio-
ri uncertainty. In contrast, for HFC-134a and the western part of the domain (British Isles, Iberian
Peninsula, Western, Central W) the structural uncertainty was clearly larger than the analytical un-

certainty.

This relatively large spread in the sensitivity inversions results from the differences between the
sensitivity inversions with different covariance matrices (S-ML and S-MS), where a general ten-
dency to smaller changes from the a priori (resulting in larger a posteriori emission) was observed
for the western part of the domain and for Turkey. In addition, a similar tendency was observed for
the same regions, except the Western region, when different a priori uncertainties were applied (S-
UH, S-UL, Figure 5.7). Therefore, combining the results from all sensitivity inversions revealed
relatively large uncertainties in the “top-down” estimates in a region that is relatively well covered
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by the existing AGAGE network and emphasizes the use of such sensitivity tests to explore the real
uncertainty of the “top-down” process and the need for more objective methods to derive the data-

mismatch covariance matrix.

HCFCs

HCFC-22 is the most abundant HCFC in today’s atmosphere and has been widely used as a refrige-
rant and foam blowing agent in much larger quantities than other HCFCs. Due to regulations by the
Montreal Protocol, global emissions have remained constant since 2007 [Carpenter and Reimann,
2014]. Our “top-down” emission estimate for the regions listed in Table 5.5 (in the following re-
ferred to as total emissions) amounted to 9.1 (4.5-14) Gg yr™. As expected, high emissions were
concentrated in regions, defined by the Montreal Protocol as developing (Article 5) countries, such
as Egypt, the Middle East and Turkey, accounting for 43% (22-67%) of the total emissions. Our
estimates for Central and Western European (regions Western, Central W, British Isles, Iberian Pe-
ninsula and Italy) emissions are 3.1 (2.0-4.3) Gg yr, which is 69% (57-81%) less than reported by
Keller et al. [2012] for the same area in 2009, suggesting that HCFC-22 emissions continue to de-
crease in these developed countries. However, major pollution events were observed at FKL when
air arrived from areas such as Egypt, which may be explained by the fact that caps to HCFC pro-
duction and consumption for Article 5 parties began only in 2013. For the total domain, our a poste-
riori estimates were significantly lower than the a priori values. On the regional scale, a posteriori
estimates were larger than a priori for the above mentioned Article-5 countries (Egypt, Middle
East), whereas this tendency was inversed for Non-Article 5 countries. These results agree with the
expectation that due to the stepwise phase out of HCFCs in developing countries and the inherent
time lag until release to the atmosphere [Montzka, et al., 2015], HCFC-22 emissions remain at con-

siderably high levels.

HCFC-142b is applied mainly as a foam blowing agent for extruded polystyrene boards and as a
replacement for CFC-12 in refrigeration applications [Derwent, et al., 2007]. Our total estimated
emissions sum up to 1.0 (0.5-1.6) Gg yr. Turkey, listed as an Article 5 party, accounts for 13.8%
(4.7-23.0%) of these total emissions, whereas the contribution of other Article 5 regions is less pro-
nounced as compared to HCFC-22. Average a posteriori emissions in the Eastern Mediterranean
(regions Greece, Turkey, Middle East, Egypt, Balkans and Eastern) are estimated to 0.40 (0.09-
0.74) Gg yr*, which is about half of the domain total emissions. However, our inversion was not
able to significantly reduce the uncertainty estimate for these regions, demonstrating the need for
additional and continuous halocarbon measurements in this area. HCFC-142b emissions in Central
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and Western Europe, where the use of HCFCs has practically been phased out, show a comparative-
ly large contribution of 0.53 (0.39-0.67) Gg yr™, which accounts for 39.7% (31.3-48.5%) of the
domain total emissions. Although the spatial distribution of HCFC-142b emissions in Central Eu-
rope resembles the pattern derived by Keller et al. [2012], dating back to emissions from 2009, our
estimates indicate a reduction by a factor of ~2. Our estimates are also lower by the same factor ~2
compared to bottom-up estimates of HCFC-142b emissions, as reported in EDGARv42 [JRC/PBL,
2009] for the year 2008, for both Western Europe and the Eastern Mediterranean. However, the
latter is mainly driven by generally smaller emissions in the Eastern and Balkan regions, whereas
for Turkey, the Middle East and Egypt larger than EDGAR values were estimated by the inversion.
The general decrease within the domain is in line with global emissions of HCFC-142b, which are
considerably lower than those of HCFC-22 and have declined by 27%, from 39 (34-44) Gg yr to
29 (23-34) Gg yr* between 2008 and 2012 [Carpenter and Reimann, 2014; Montzka, et al., 2015].
The comparison of a priori and a posteriori emissions of HCFC-142b shows a much more diversi-
fied pattern than for HCFC-22, with regions such as Turkey and Western, where our bottom-up
assumptions were too low, whereas they were too high for Maghreb and Egypt and agreed well for

Italy, Greece and Central W.

HFCs

HFC-134a is currently the preferred refrigerant in mobile air conditioning systems and, together
with HFC-125, which is mostly used in refrigerant blends for residential and commercial refrigera-
tion, belongs to the two most popular HFCs in Europe [O'Doherty, et al., 2004; O'Doherty, et al.,
2009; Velders, et al., 2009; Xiang, et al., 2014]. This is reflected by the large amplitude and fre-
guency of pollution peaks, which were observed at all continuous observations sites but especially
at JFJ and CMN (Figure 5.3). Total simulated HFC-134a emissions for our analysed regions were
19.0 (13.3-25.8) Gg yr™. Emissions from Eastern Mediterranean (Greece, Turkey, Balkans, Eastern,
Middle East, Egypt) summed up to 4.6 (2.5-6.9) Gg yr™*, which is ~24% of the domain total emis-
sion. The remaining 63% were emitted from Central and Western Europe, totalling at 11.9 (9.4-
15.2) Gg yr. Comparing the aggregated emissions of reporting regions to UNFCCC inventories
reveals, that the inversion generally estimated a posteriori emissions of HFC-134a that were 47.5%
(32.0-60.3%) lower than the respective UNFCCC reports. Only HFC-134a emissions of Italy and
Eastern European countries were within the range of reported UNFCCC estimates. Furthermore, our
results suggest lower emission in most regions in comparison to EDGARv42_FT2010 [JRC/PBL,
2009] for the year 2010, with the exception of Greece, Turkey and the Eastern region, where both
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estimates are very similar, and of Egypt and the Maghreb region, where the inversely estimated

emissions were considerably larger than EDGAR values.

Table 5.5: Regional emissions as estimated in the a priori inventory and by the atmospheric inversion. All values are given in in Mg yr-1. A posteriori
estimates are shown as the mean values, derived from the BASE inversion and the sensitivity inversions S-ML, S-MS, S-UH and S-UL. The uncer-
tainty range gives the maximum range provided by the respective mean values of all inversions plus the mean of the analytic uncertainty (p < 0.05)
estimated by each individual inversion. Smaller and distant countries were aggregated to larger regions: Turkey (Turkey, Cyprus), Balkans (Serbia,
Montenegro, Kosovo, Albania, Bosnia and Herzegovina, Croatia, Slovenia, Macedonia), Eastern (Ukraine, Romania, Moldova, Bulgaria), Middle
East (Jordan, Lebanon, Syria, Palestine, Israel), Maghreb (Morocco, Algeria, Tunisia, Libya), Central E (Poland, Slovakia, Czech-Republic, Hunga-
ry), Central W (Switzerland, Liechtenstein, Germany, Austria, Denmark), Western (France, Luxembourg, Netherlands, Belgium), lberian Peninsula
(Spain, Portugal), British Isles (Ireland, United Kingdom).

HFC-134a (CH,FCF;) HFC-125 (C,HFs) HFC-152a (C;H.F»)

Prior Post Prior Post Prior Post
Greece 1.32+0.26  0.42 (0.31-0.63) 06012  0.25(0.19-0.31)  1.22+0.49 0.27 (0.21-0.37)
Turkey 2.85£0.58  1.45 (1.00-1.90) 0124003  0.11(0.07-0.15)  1.11+0.78 0.62 (0.38-1.05)
Balkans 0.65£0.52  0.70 (0.37-1.03) 0.12¢0.1  0.18(0.08-0.29)  0.15+0.15 0.17 (0.10-0.35)
Eastern 1.15+0.46  0.88 (0.43-1.32) 0.34+0.14  0.32(0.14-0.49)  0.41+0.29  0.21 (0.05-0.36)
Middle East 465,064 021 (0.00-0.61) 0.14+014  016(0.00-0.37) 0.23:022 0.19 (0.02-0.35)
Egypt 1.14+1.14  0.94 (0.44-1.43) 0.28+0.28  0.21(0.01-041)  0.46x0.46 0.09 (0.00-0.27)
Maghreb 1.18+1.17  0.89 (0.16-1.62) 03103 0.39 (0.10-0.68)  0.47+0.47  0.18 (0.05-0.31)
Central E 2.64+053 157 (1.17-1.98) 114022  0.76(0.58-0.94)  0.41+0.16 0.23(0.14-0.32)
Central W 5.67+1.14  2.40 (1.91-3.18) 0.95:0.19  0.70 (0.55-0.90)  0.38x0.2  0.26 (0.18-0.37)
Western 6.08+1.21  3.13(2.38-3.84) 1.92+0.38  1.41(1.24-158)  0.44+0.17 0.29 (0.23-0.37)
Italy 1.96:0.39  1.87 (1.64-2.09) 1.06:021  1.05(0.94-1.17)  0.32:0.31 0.26 (0.19-0.32)
lberianPen. 4064082  1.86(1.33-2.58) 203:041  152(1.26-1.77)  0.32+0.13  0.16 (0.07-0.25)
BritishIsles 541104 268 (2.12-3.54) 149403  110(0.99-120) 0.21+0.08 0.09 (0.06-0.13)
DomainTotal 5/ 50,991 1899 (31.26-25.76) 10.45+2.81 8.15(6.15-10.26) 6.12+3.92 2.91 (1.48-4.76)

HFC-143a (C;H:Fs) HCFC-22 (CHCIF,) HCFC-142b (C,H:CIF,)

Prior Post Prior Post Prior Post
Greece 0.17£0.03  0.13(0.09-0.17) 0.2+0.08  0.14(0.06-0.22)  0.02+0.01 0.015 (0.005-0.024)
Turkey 0.05:0.01  0.05 (0.03-0.06) 1.38+1.39  0.85(0.18-152)  0.110.08 0.143 (0.049-0.238)
Balkans 0.08£0.07  0.12 (0.04-0.19) 0.45:0.18  0.30(0.12-0.48)  0.04+0.01  0.042 (0.023-0.061)
Eastern 0.09£0.04  0.09 (0.04-0.15) 151+0.62  0.64(0.12-1.17)  0.12+0.05 0.075 (0.013-0.136)
MiddleEast  1.97  013(0.00-0.27) 078076  1.00(0.42-182)  0.06:0.04 0.059 (0.000-0.128)
Egypt 0.20.2 0.27 (0.09-0.44) 155+155  2.08(1.41-279)  0.13+0.09 0.062 (0.000-0.152)
Maghreb 0213021  0.45 (0.24-0.67) 157+1.57  0.56 (0.12-1.00)  0.13+0.09  0.054 (0.003-0.105)

Central (E) 0.92£0.18  0.60 (0.47-0.74) 1.18+0.47  0.36 (0.07-0.65)  0.1+0.04  0.052 (0.017-0.088)

Central W) 65:013 053 (0.42-0.68) 1.87+0.75  0.62(0.33-0.98)  0.15:0.06 0.128 (0.094-0.167)
Western 14903  1.23(1.11-1.35) 1.67+0.67  0.76 (0.52-1.00)  0.14+0.05 0.187 (0.159-0.215)
Italy 0.92+0.18  0.74 (0.65-0.83) 1.08:0.43  0.70 (0.52-0.88)  0.09+0.04 0.095 (0.071-0.119)
IberianPen. 4 41405 0.99 (0.83-1.16) 1.03:0.41  0.39 (0.10-0.68)  0.08+0.03 0.051 (0.015-0.086)
BritishIsles 774015 072 (0.65-0.79) 124+05  067(052-0.81) 0.1+004 0.071(0.055-0.087)
DomainTotal 5,18 604 (4.64-7.50) 155149.38  9.06 (4.49-13.98) 1.25+0.63 1.034 (0.513-1.606)
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Figure 5.8: Annual emissions for the aggregated regions. A priori emissions are shown in red, with uncertainty giving the 95% confidence range. For
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sions. In addition, the blue error bars give the analytic uncertainty (95% confidence level) averaged over all uncertainty inversions.
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These findings of generally smaller than reported HFC-134a emissions in Western and Central Eu-
rope resemble the results of other studies performed for earlier years [Lunt, et al., 2015; Brunner, et
al., 2016; Say, et al., 2016]. The differences between the country-wide emissions reported to UN-
FCCC and the range of results found in this study seem to be somewhat more pronounced than in
previous studies. This is consistent with Brunner et al. [2016], who reported a relatively large range

of regional emission estimates depending on the employed inverse modelling system.

HFC-125 domain-total emissions were estimated at 8.1 (6.1-10.3) Gg yr™* with emissions from the
Eastern Mediterranean contributing 15% or 1.2 (0.5 — 2.0) Gg yr™. Our results for Turkey agree
well with those reported to UNFCCC, but are three times smaller than EDGARv42_FT2000. For
Greece, our estimate of 0.25 (0.19-0.31) Gg yr™ falls between the much larger UNFCCC value of
0.60 Gg yr and the smaller EDGARv42_FT2010 estimate of 0.1 Gg yr™. Emissions from the Eas-
tern region, the Middle East and Egypt remained relatively close to the a priori estimates, whereas
for the Balkans we derive a 50% increase compared to the a priori emissions to 0.18 Gg yr*, which
is still considerably smaller than the EDGARv42_FT2010 value of 0.55 Gg yr’. This stands in con-
trast to the results of Keller et al. [2012] for the Eastern region, showing large discrepancies bet-
ween “top-down” and “bottom-up” estimates in some of these countries, most likely caused by
unrealistically low values reported to UNFCCC. Besides the fact, that the estimates of Keller et al.
[2012] rely on measurements from Hungary, with a better coverage of North-Eastern Europe than
we have from FKL, the discrepancies would be smaller in a retrospective view, because HFC-125
bottom-up emissions of several Eastern European countries were revised upward in the 2016 sub-
missions to the UNFCCC for the year 2009. The largest part of the remaining HFC-125 emissions
(71 %) was allocated to Central and Western Europe by the inversion and was about 30 % lower as
compared to the a priori estimate with the exception of Italy, where a posteriori values were very
close to those reported to UNFCCC. Our results for Western and Central Europe broadly agree with
those reported by Brunner et al. [2016] and Lunt et al. [2015]. However, note that Brunner et al.
[2016] describes a substantial underreporting of HFC-125 emission from the Iberian Peninsula in
2011, whereas we find an overestimation by ~25% for 2013. This has to do with a retrospective
revision of the Spanish UNFCCC reporting, which resulted in a doubling of most HFC emissions
reported in 2016. In absolute terms, our estimate of 1.5 (1.2-1.8) Gg yr for the year 2013 agrees
well with that given in Brunner et al. [2016] for the year 2011 (1.1 — 2.8 Gg yr'™).

HFC-143a is another major HFC, which is commonly used in refrigerant blends for stationary air
conditioners. It is sparsely used in Eastern European countries (Balkans, Eastern, Greece and
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Turkey), where our “top-down” estimate showed combined annual emissions of 0.39 (0.20-0.57)
Gg yr, which corresponds to 6.4% (3.3-9.5%) of the domain total of 6.0 (4.6-7.5) Gg yr. Emis-
sions higher than the a priori estimates were determined for Maghreb and Egypt with 0.45 (0.24-
0.67) Ggyr' and 0.27 (0.09-0.44) Ggyr™, although relatively large uncertainties are connected
with these values, since advection from the respective regions was not often observed. 80% of the
HFC-143a emissions within our domain have their origin in Central and Western Europe, with the
main sources in the Western region and on the Iberian Peninsula. Our estimates agree within 10%
with reported UNFCCC values on the domain total basis. For Turkey and the Eastern region, as
well as the Iberian Peninsula and the British Isles, reported values agree closely with our estimates
(A emission estimates < 7%), whereas our estimates of Central E, Central W, Western, Italy and
Greece are 18-35% lower than UNFCCC values.

HFC-152a has the smallest 100-year global warming potential of the major HFCs and is primarily
used as foam blowing agent and aerosol propellant. Our domain total “top-down” estimate was 2.8
(1.6-4.5) Gg yr'*, which corresponds to only around 6% of estimated global emissions [Simmonds,
et al., 2016]. South-eastern Europe’s (Greece, Turkey, Balkans and Eastern) annual emissions were
estimated at 1.24 (0.7-2.0) Gg yr, corresponding to 44% (26.0-71.2%) of total domain emissions.
The largest emissions from any individual region were established for Turkey, 2-3 times higher than
our estimates for all other regions within the inversion domain. However, this is still almost a factor
of 2 lower than what Turkey reports to the UNFCCC. The UNFCCC inventory of Greece overesti-
mates the posterior emissions inferred in this study by a factor of 5. However, it is known that re-
porting of this compound is incomplete due to confidentiality considerations, which is why it is li-
kely that the inventories for HFC-152a are incomplete and incorrect. Furthermore, for the UN-
FCCC, emissions of HFC-152a are reported in the country were the consumer product is manufac-
tured. For example, if a foam is blown in country X and sold to country Y, emissions would mainly
occur during usage in country Y but are reported under country X. From a global perspective this
makes sense but is not compatible with real emissions in the respective countries. Emissions from
Non-Annex | countries belonging to the Middle East and Northern Africa (Maghreb, Egypt) are
small (0.42 (0.03-0.93) Gg yr™). Our “top-down” estimates for Central and Western Europe make
up for the remaining 1.17 (0.84-1.52) Gg yr™ of the annual HFC-152a emissions. For all Central
and Western European countries, reporting values to UNFCCC, we find a general tendency, that
“top-down” emissions are lower than UNFCCC values, with largest discrepancies for the Iberian
Peninsula and Central E. For the British Isles, our results are a factor of 2 smaller than the findings

of Lunt et al. [2015] for the years 2010-2012. In contrast, our estimates for the British Isles agreed
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within their uncertainties with those reported in Simmonds et al. [2016], which is also true for our
estimates for the Central W region and the Iberian Peninsula. In contrast, our “top-down” estimates

for Italy are a factor 2 smaller than reported by the latter authors.

5.3.5 Summary of Halocarbon Emissions

Our best estimate of domain total halocarbon emissions for 2013 was 85.1 (63.0-109.2) Tg CO.eq
yr! for the four analysed HFCs and 18.3 (9.0-28.2) Tg CO.eq for the two HCFCs. This corresponds
to 12.5% (8.9-16.7%) and 2.6% (1.3-3.9%) of global halocarbon emissions [Carpenter and
Reimann, 2014]. The HFC emissions from the Eastern Mediterranean (Greece, Turkey, Middle
East, Egypt, Eastern, and the Balkans) accounted for 14.7 (6.7-23.3) Tg CO,eq yr™* and the HCFC
emissions from the same region for 9.7 (4.3-15.7) Tg CO.eq yr™.
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Figure 5.9: Annual per capita (p.C.) emissions in CO, equivalents, derived from the base inversion and all sensitivity inversions. The results have
been computed using the 100-yr GWP (GWP100) values of [Carpenter and Reimann, 2014]. The bars show the average mean of all inversions,
whereas the error bars show our uncertainty estimate including analytical and structural uncertainty (see Section 5.3.4 for details).

As expected, per-capita CO, equivalent emissions of HFCs vary strongly in the Eastern Mediterra-
nean (Figure 5.9). For Greece, per capita emissions were similar to other Western European coun-
tries, whereas for the developing countries (Article 5 countries) in the Eastern Mediterranean
(Turkey, Middle East), with the exception of Egypt, per-capita HFC emissions were much smaller.
On the other hand, per capita CO, equivalents of HCFC emissions were largest in Article 5 coun-
tries in the Middle East and Maghreb region, where the phase-out of these compounds is delayed as

compared to the Non-Article 5 countries in Western Europe. In this context, it is also interesting to
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note that the HCFC per-capita emissions from Greece (Non-Article 5) are similarly large as those

from its neighbour Turkey (Article-5).

5.3.6  Temporal Variability of HFC-152a Emissions

Some of the larger HFC-152a pollution peaks observed at FKL (see Figure 5.3) are not well repro-
duced by the transport model. The atmospheric inversion only slightly improved the comparison,
indicating the inability to unambiguously assign an emission region or a constant emission process
to these peaks. In the following, the transport situations experienced during the observed HFC-152a

peaks are analysed in more detail.
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Figure 5.10: Spatial distribution of the Pearson Correlation Coefficient (R) for (a) the entire time series of HFC-152a observations at Finokalia and the
per-cell source sensitivity and for (b) the period of the pollution peaks, which are highlighted in red in (c) the observed (black) and simulated a poste-
riori (BASE inversion) (blue) mole fractions of HFC-152a.

The time series of HFC-152a in FKL (Figure 5.10c) shows intermittently appearing pollution peaks,
most pronounced in June and August, which are badly reflected by the simulations, even when a
posteriori emissions are used. Especially two observed broader peaks in June and August are not
visible in the simulations. This could be due to inaccuracies in the transport model and weaknesses
of the inversion, or because of large, localized, and temporally varying emissions sources, such as
HFC-152a production facilities [Keller, et al., 2011]. However, our inversion approach assumes
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temporally constant emissions and is not able to unambiguously assign a specific source location or
area to individually observed pollution peaks that are caused by temporary emissions. For the loca-
lization of such emission sources, we used a simple, qualitative approach, by calculating the corre-
lation between the observed HFC-152a time series and FLEXPART simulated source sensitivities
in the individual grid cells. First, the correlation for the complete time series was calculated, thereby
ignoring the proposed intermittent character of the source. Using this method, generally positive
Pearson correlation coefficients were established for all land areas with maximal correlation coeffi-
cients located in grid cells in Northwestern Turkey (Figure 5.10a). To further isolate the potential
source areas, correlations were calculated using only peak periods in the observations at FKL, in-
cluding the times of increasing and decreasing mixing ratios at the flanks of each peak. These re-
sults showed a further restriction of significant positive correlation coefficients to Northwestern
Turkey, bordering the Marmara Sea and the Bosporus area (Figure 5.10b), which are both important
industrial regions. This result could point to large contributions from the metropolitan area of Istan-
bul, where HFC-152a could be emitted from installed consumer products. However, due to the
strong temporal variability in emissions, which seems to be inherent to the observed peaks, the re-
sults are more likely to be explained with large emissions from an industrial facility in the localized

regions.

5.3.7  The Impact of Halocarbon Observations at Finokalia

Our campaign in Finokalia added halocarbon observations in an area of Europe from which emis-
sions are only sporadically detected by the existing AGAGE network. We assessed the added value
of a station in FKL, by excluding it from the inversion and estimating Eastern Mediterranean emis-
sion only from the existing AGAGE network (S-NFKL). Furthermore, we excluded all stations but
FKL from the inversion to test if the existing AGAGE sites add value to our estimate of emissions
in the Easter Mediterranean (S-OFKL). The regional emission estimates using the different station
setups are shown in Figure 5.11. For Greece and Turkey, which were best covered by our observa-
tions in FKL, a clear influence of the measurements at FKL on the “top-down” emission estimates
can be seen. For HFC-125 and HFC-134a, used as exemplary compounds for this analysis, the in-
version excluding FKL was mainly driven by the a priori values, whereas including FKL strongly
reduced the emissions and the analytic uncertainty (Figure 5.12). A similar effect is seen for the
Middle East and Egypt, although the number of times during which our site was sensitive to these
areas was limited. These results clearly show that regional emission estimates using only AGAGE
stations for areas as far as the Eastern Mediterranean are unreliable and an extension of the current

network is critical for emission control in this economically very dynamic area.
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Figure 5.11: Regional annual emission estimates of 2013. The apriori of our base inversion is shown in red. A posteriori results are shown for the
BASE inversion (blue), the inversion excluding Finokalia (S-NFKL, green) and the inversion only using observations from Finokalia (S-OFKL,
purple). Error bars represent the 95% confidence levels. Note that for the inversion based on Finokalia observations alone (S-OFKL) the inversion
domain was cropped in the West and no a posteriori emission for the western part of the domain were estimated.

For Eastern European countries and the Balkan regions, the influence of measurements at FKL re-
duced HFC-134a and HFC-125 emissions and emission uncertainties slightly. However, Central
European measurements have a similar influence on these results. An interesting impact over larger
distances can be observed for Italy and the Iberian Peninsula, where the additional measurements
from FKL have more of a reducing effect on the absolute emissions than on the uncertainties, whe-
reas emissions in Central and Western Europe including the British Isles are largely unaffected by
our measurements at FKL. The effect of measurements at FKL on modelled emissions from Italy
and the Iberian Peninsula can be explained by the additional constraints provided by FKL for Italy.

These decreased Italian emissions and at the same time slightly increased baseline mixing ratios for
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JFJ and CMN for periods with influence from the Western Mediterranean. Since simulated source
sensitivities are often simultaneously elevated for Italian and Iberian source areas, the increased
baseline will translate also to smaller emissions on the Iberian Peninsula even though the observa-

tions at FKL were virtually not sensitive to emissions from this region.
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Figure 5.12: HFC-134a uncertainty reduction (%) achieved by (a) the inversion excluding observations from Finokalia (S-NFKL) and (b) the BASE
inversion using observations from all four sites including Finokalia.

The inversion using only observations from FKL (S-NFKL) had virtually no effect on the a poste-
riori emissions and their uncertainty for Greece, Turkey, the Eastern region and the Middle East as
compared with the BASE inversion. For Egypt, the Maghreb countries and the Balkans slightly re-
duced a posteriori estimates were observed, whereas for Italy, Central and Western Europe the a
posteriori estimates differed strongly from the BASE inversion and showed little uncertainty re-
duction. These results indicate the importance to include all available halocarbon observations in

regional estimates even if these are as distant as Monte Cimone is to Finokalia (~1600 km).

5.4  Conclusion

During a period of six months, from December 2012 to August 2013, we performed continuous
halocarbon observations at the atmospheric observation site of Finokalia (Crete, GR), the first ob-
servations of this kind in the Eastern Mediterranean. The combination of these and other Western
European halocarbon measurements with an atmospheric transport model, and Bayesian inversion

techniques, allowed us to estimate regional-scale halocarbon emissions and for the first time pro-
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vide reliable “top-town” emission estimates for the Eastern Mediterranean, a region of very diverse

economic development and home to approximately 250 million people.

Due to the maritime and remote location of Finokalia, pollution from major metropolitan areas (the
closest at a distance of 350-700km) tend to be better mixed into the background atmosphere at their
arrival than at other continuous observation sites such as Monte Cimone (ltaly) or Jungfraujoch
(Switzerland). As expected this lead to generally smaller peak amplitudes for HFC-134a, HFC-125
and HFC-143a in Finokalia, compared to these sites. However periodic peaks of HFC-152a were
unexpectedly high, indicating one or several strong HFC-152a emission sources within the region
directly influencing Finokalia. Higher peak mole fractions than at the Western European observa-
tion sites were observed for HCFC-22 and HCFC-142b, because of continued emissions from Ar-

ticle 5 regions such as Turkey, Egypt and the Middle East.

A range of sensitivity inversions showed that our regional-scale results are largely independent of
the uncertainty assigned to the a priori emissions and the design of the data-model-mismatch cova-
riance matrix. In general, including off-diagonal elements in the uncertainty covariance matrices
and, therefore, considering auto-correlation in the data-mismatch and a-priori uncertainty, led to
lower a posteriori emission estimates (BASE and S-ML). Larger discrepancies between these sensi-

tivity inversions were only seen for Central and Western Europe and HFC-134a emissions.

Our best estimate of a posteriori (“top-down”) emissions and their uncertainties was derived as an
average over the five sensitivity inversions and considering their spread and individual analytical
uncertainty. For Article 5 countries in the Eastern Mediterranean (Turkey, Middle East, Egypt) a
posteriori HCFC emissions were in the range assumed in our a priori, whereas they were smaller for
the Non-Article 5 country Greece. In terms of HFC emissions in the Eastern Mediterranean, we
estimated much smaller emissions than reported to the UNFCCC for all analysed compounds in
Greece, whereas for Turkey our “top-down” estimates were similar to UNFCCC-reported values for
HFC-125 and HFC-143a, but were much and slightly smaller for HFC-134a and HFC-152a, respec-
tively. For the remaining regions in the Eastern Mediterranean no clear trend between “top-down”
and our a priori estimates could be established, partly owing to the very insecure a priori estimates.
For the Western and Central European areas of our inversion domain, our “top-down” estimates
largely agree with other inverse modelling studies, although our results are within the lower range
of previously reported emissions. Especially for HFC-134a and HFC-125 we obtained “top-down”
estimates up to a factor of two smaller than reported UNFCCC values for the British Isles, France,

Benelux and Germany.
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In the context of lower-than-reported HFC-152a emissions from Turkey, the inversion algorithm
was not able to perfectly simulate periodically measured, large HFC-152a pollution events at Fino-
kalia. This could either be due to temporally varying emission sources, shortcomings in the atmos-
pheric transport model or an unsuitable inversion setup. The latter two options can be ruled out
since the transport simulation and inversion worked sufficiently well for other compounds. The first
possibility was further analysed by using the temporal correlation between our observations and the
simulated source sensitivity within individual grid cells during and around times when pollution
events were observed. This allowed for the localisation of a possible emission region, located in the
northwestern part of Turkey between the Agean coast and the city of Istanbul. The suspected tem-
poral variability in the HFC-152a emissions rather points towards emissions from a HFC production

plant than from product application and consumption.

Our measurements in Finokalia and the inversely estimated emissions show, that an additional ob-
servation site strongly increases the geographic extent and the quality of the inversion results, by
reducing the a posteriori emission uncertainties in the Eastern Mediterranean in the range of 40-
80% as compared to an inversion only using the Central European AGAGE observations. Including
observations from Finokalia reduced estimated Greek HFC-134a emissions by a factor of four,
while decreasing the uncertainty by the same factor. Additionally, the location of Finokalia allows
the detection of Middle Eastern and North African emissions during specific flow conditions, which
is especially interesting due to the restrictions on the use of HCFCs for developing countries by the
Montreal Protocol, which recently became effective. However, measurements during several years
or a fixed monitoring station would be required to investigate trends in halocarbon emissions, for a
continued “top-down” validation of south-eastern European UNFCCC inventories or for the moni-

toring of the HCFC phase out in Eastern Mediterranean Article 5 countries.
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Chapter 6  Halocarbon emissions on the lIberian
Peninsula, inferred from atmospheric measurements in
the French Pyrenees.

To assess European halocarbon emissions, the AGAGE network is operating observation sites at 3
locations: Mace Head (Ireland), Zeppelin mountain (Spitsbergen, Norway), Jungfraujoch (Switzer-
land) and the affiliated station at Mt. Cimone (Italy). Altough the Iberian Peninsula can be detected
from these stations, it is in the periphery of their sensitive region and it is suspected, that emissions
from countries closer to the observation sites may be erroneously allocated to Spain and Portugal.
Therefore, a 1.5 year measurement campaign (October 2013 to June 2015) was performed at the
high-alpine research facility of Pic du Midi to extend the AGAGE network’s sensitivity towards the
undersampled Iberian Peninsula. In this chapter the results of this campaign are presented and an
atmospheric transport model, together with a Bayesian framework, similar to Chapter 5, are used to
quantitatively assess emission sources of HFC-134a and HFC-125. Additionally the influence of the
complementing measurements at Pic du Midi on the emission estimates are analysed by comparing
an inversion with the existing AGAGE sites and the extended network, respectively, for the time

period of the year 2014.

6.1  Site Description

Observations of halocarbons took place on Pic du Midi (0.14°E, 42.94°N) from October 2013 until
June 2015. The Pic du Midi (PDM) high-altitude observatory is located on top of an isolated peak
(2877 m a.s.l.) on the northern edge of the central Pyrenees and is frequently used for the study of
ozone and atmospheric pollutants [Gheusi, et al., 2011; Fu, et al., 2016]. Forming a natural barrier
between Spain and France, this mountain range extends over 400 km from the Mediterranean Sea to
the Atlantic. The air inlet was installed on the rooftop of the laboratory building at the eastern side
of the observatory complex, allowing air to be advected unobstructed towards the inlet in a sector of
270° from NW to SW, whereas westerly flows cross the complex before being detected by our in-

strument. Except possible small emissions of halocarbons accompanied with the air conditioning
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infrastructure of the PDM observatory itself, affecting westerly winds, no significant point sources
are located in the near vicinity. The two closest cities (< 70’000 inhabitants) are Pau and Tarbes,
located 60 and 30 km to the northwest, on a plain about 1300 m below Pic du Midi. Assuming that
the halocarbon emission distribution follows that of population, some possible source regions are
within the sensitive area of Pic du Midi. During frequently occuring advection events with a south-
erly component, ahead of troughs or cyclones over the Atlantic, Pic du Midi is influenced by emis-
sions from Zaragoza and Barcelona, at a distance of 170 km and 240 km, respectively, as well as
more distant cities in Central Spain and on the Northwestern Spanish coast (Figure 6.1). To the
north there are two urban areas, Bordeaux (220 km) and Toulouse (130 km), with a population of
around 1 million people, whereas in the border region of northern Spain and southwestern France
on the Atlantic coast, the Basque country is another often detected source region during our cam-
paign. Standard meteorological data, as well as O3, NOy and CO observations, are provided by the

“Laboratoire d’Aérologie” (University of Toulouse) on a continuous basis.
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Figure 6.1: FLEXPART footprints during the Pic du Midi campaign period for the existing AGAGE network (a) and the AGAGE network including
Pic du Midi.

6.2  Observations

In this section, measurements of HFC-134a, HFC-125 and HFC-152a, collected during our meas-
urement campaign from October 2013 to June 2015 at Pic du Midi are described. Additionally lo-
cally collected flask samples, used to evaluate possible local halocarbon contamination sources at
the Pic du Midi observatory are discussed. Baselines of continuous observations were derived using
the “robust extraction of baseline signal” (REBS) approach by Ruckstuhl et al. [2012]. The integrity
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of individual measurements was ensured manually by removing individual observations or observa-

tion periods showing poor chromatographic quality.

6.2.1 Flask Samples and Local Pollution Sources

Pic du Midi has been known for its astronomic observatory since the early 1900, the consequence
being that the complex hosts a variety of telescopes, including the large “Bernard Lyot Telescope”
(BLT), as well as installations for atmospheric science and touristic infrastructure (e.g. kitchen, ho-
tel-rooms). In order to adapt the sensitive telescope mirrors to ambient temperatures, air condition
systems are used to cool down the inside of the telescope copula in advance of the opening, which
could be a potential emission source for halocarbons, used as refrigerants. In order to evaluate these
possible sources of contamination, 10 flask samples were taken, using evacuated, electropolished
sample flasks (2.5 L), which were filled passively at distributed sample sites throughout the obser-
vatory complex. However, due to the passive filling technique, flask pressures were equivalent to
ambient pressure levels at ~2800 m a.s.l., challenging the preconcentration process during the anal-
ysis, which limits the number of runs performed on the Empa Medusa. Thus, combined with the
temporally and spatially sparse sampling, these values should only be used as an indicator for pos-

sible contamination sources (Table 6.1).

Table 6.1: Mole fraction measured in flask samples, taken throughout the observatory on Pic du Midi. Every flask was measured twice and the mean
of both measurements is given. Location denotes the place where the flask sample was collected as well as the direction of the sample site as seen
from the ADS air inlet on the roof of the Laboratory building. X is referring to a location in the same building on different levels of the laboratory
building.

Location HFC-134a HFC-125 HFC-152a CFC-114
[ppt] [ppt] [ppt] [ppt]
Background Mole Fraction® 85.7 18.0 11.2 16.3
BLT (outside copola) - WNW 129.1 19.6 18.8 15.5
BLT (inside copola) - WNW 3'584.4 292.0 682.8 15.7
BLT (lowest level, beside AC) - WNW 11'483.1 311.5 2'031.6 15.9
BLT (lowest level, workshop) - WNW 11'791.1 267.2 2'088.1 16.3
Coronograph (outside copola) - S 139.3 15.5 9.1 15.5
Coronograph (inside copola) - S 195.3 15.9 12.0 16.1
Kitchen (cold storage) - WNW 961.3 23.7 193.7 15.7
Tourist Complex (exhaust air) - WNW 420.3 16.4 40.1 15.8
Tourist Complex (gondola station) - W 83.3 16.5 9.6 16.3
Lab-Building (highest level) - X 205.7 16.5 437.6 16.4
Lab Building (ADS Room) - X 487.3 15.8 1'379.5 15.8

! Mean background mole fractions as estimated with REBS for HFC-134a, HFC-125 and HFC-152a. Background mole fractions for
CFC-114 are based on global estimates for 2012 from Carpenter and Reimann [2014]
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Observed HFC-134a mole fractions reached substantially high values inside the BLT at various
levels, up to a factor of ~140 higher than the estimated mean background level at PDM during the
campaign. Although simultaneous samples outside the copula were only increased by a factor of
~1.5, substantial local releases of HFC-134a may have occured every time the copula was opened.
Elevated HFC-134a mole fractions, increased by a factor of ~5 compared to background mole frac-
tions, were also found in samples from the tourist complex and within the room where our instru-
ment was installed. The latter shouldn’t influence the measurements, as the system is expected to be
airtight. However, largest in situ mole fractions at PDM were observed during southwesterly flow,
which is not in line with the direction of the BLT (see Figure 6.2).

A similar pattern was found for HFC-125 samples, with the BLT being the only sampling site
showing substantially elevated HFC-125 mole fractions. Once again, an increased density of ob-
served higher mole fractions did not correspond to favourable flow conditions for transport from the
BLT to the air inlet.

Abundances of HFC-152a were also increased inside the BLT, but likewise in the Laboratory build-
ing, wherein our instrument was set up and on top of which our air inlet was installed. With mole
fractions ~120-190 times higher than mean baseline values at Pic du Midi, exhaust air from these
buildings may have highly affected our measurements. Combined analysis of local wind direction
and HFC-152a observations during the campaign didn’t show any relationship that could have been
attributed to the BLT (Figure 6.2). However air escaping the building through open doors or win-
dows could be turbulently transported to our air inlet. This should have been relatively seldom, as
the rooftop platform was seldom visited and the laboratory building was normally accessed from the

tourist complex.

Being aware of the fact that small scale dynamics around Pic du Midi are beyond what we can re-
solve using local wind measurements and to avoid the removal of observations from the south
which could be attributed to emission sources in the Pyrenees or Northern Spain, we assume that
only the highest mole fractions (p > 0.99) were caused by local emissions, during relatively calm
(wind speed < 5 m/s) conditions. As a comparison to the measurements including all the data in

Figure 6.3, adjusted observations are shown in Figure 6.5 and will be used for further analysis.
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Figure 6.2: Pic du Midi observations (unfiltered and filtered for assumed local pollution) for each compound. Mean wind direction during the sam-
pling period of each individual observation is shown, as well as wind speed (calm conditions with wind speed < 5 m/s (red), normal to windy condi-
tions with wind speed > 5 m/s (blug)).
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6.2.2 In situ Observations

HFC-134a is used in domestic refrigeration and is currently the most common cooling agent used in
automobile air conditioners. At 88.7 (+ 1.7) ppt (parts-per-trillion, 10™*%), the estimated mean back-
ground mole fraction agrees well with the similarly estimated mean background values at the 3
AGAGE sites Jungfraujoch (JFJ), Mace Head (MHD) and Monte Cimone (CMN). Over the course
of the campaign, PDM sees rather frequent HFC-134a pollution events, with a maximum of 242.8
ppt (721.9 ppt if the filtering for local pollution, as explained above, is not applied), which surpass-
es maxima from similar mountainous observations sites such as CMN (151.1 ppt) or JFJ (120.7 ppt)
by almost a factor of ~2 (~5). As a consequence the standard deviation derived for PDM observa-
tions is around twice as high as for the other sites as shown in Table 6.2.
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Figure 6.3: Unfiltered observations from Pic du Midi (red), Mt. Cimone (green) and Jungfraujoch (purple) during the campaign period
from Oct. 2013 — Jun. 2015.

A main application of HFC-125 is in refrigerant mixtures, such as R-410a (50% HFC-32, 50%
HFC-125), which are becoming more widely used, as HCFC containing refrigerants are being
phased out. It is also used as a gaseous fire suppression agent. During a phase in early 2014 (Janu-

ary - March), the observations at PDM show frequent pollution peaks, with 3 events being markedly
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different from the others, with maximum mole fractions at 46.0 ppt (470.1 ppt for unfiltered data),
which is in the mean about 30% (1200%) higher than maximum mole fractions observed at JFJ and
CMN. After this period, the detection of pollution events at PDM becomes scarce and the meas-
urements between July 2014 and July 2015 are comparable to the observations at JFJ and CMN.
Over the whole period, the standard deviation is 2.2 ppt, which is in the same range as observed at
JFJ and CMN. Excluding the first period with distinct pollution events, the standard deviation is 1.4
ppt, which is closer to what we observe at the coastal location of MHD. The mean baseline value at
PDM (18.0 = 0.6 ppt) is in the range of the AGAGE sites (JFJ: 17.8 £ 0.3 ppt, MHD: 17.2 £ 0.2 ppt,
CMN: 19.1 + 0.6 ppt).

Table 6.2: Basic statistics for the observations taken during the Pic du Midi campaign. Observation sites are: Pic du Midi (PDM), Jungfraujoch (JFJ),
Mace Head (MHD), Mt. Cimone (CMN). Shown are the number of observations (n.obs), the mean, minimum (min), maximum (max) and standard
deviation (sd) of the observations and the background, which was estimated with REBS. The mean measurement uncertainty (mean unc) is the
moving window uncertainty of the observations and the constant uncertainty (const unc) derived by REBS for the background.

Observations Background (REBS)
: : mean : const
sitte n.obs mean min max sd mean min  max
unc unc

[ppt] [ppt] [ppt] [opt] [ppt]l  [ppt] [ppt] [ppt] [ppt]
PDM 2702 887 769 2428(721.9)' 116 091 857 799 928 17

(4]

Eﬁ JFl 3270 875 76.1 120.7 55 029 841 784 894 13
Q MHD 3392 867 778 142.9 48 016 851 810 885 0.7
T CMN 3054 906 78.3 151.1 70 031 873 808 947 1.9
. PDM 2749 187 143 46.0(470.)" 22 049 180 161 210 06
S JF) 3145 189 154 32.7 18 007 178 160 199 0.3
C MHD 988 174 158 22.2 11 004 172 164 199 0.2
T cvN 3059 202 158 38.4 25 009 191 164 218 06
« PDM 2755 128 74 383(456) 29 023 112 100 129 12
5 JF) 3302 101 6.9 22.6 15 008 93 82 100 0.8
Q MHD 3416 104 7.6 20.2 10 006 100 94 103 05
T CMN 3077 109 73 30.9 17 010 101 90 110 0.8

*Maximum including assumed strongly locally influenced observations

HFC-152a is primarily used as foam blowing agent for the manufacturing of styrofoam insulation
boards and as propellant. Unlike HFC-125 and HFC-134a observations, HFC-152a measurements at
PDM show frequent pollution events in the range of peak mole fractions observed at CMN (~25-30
ppt). As an exception 6 events have been detected with mole fractions exceeding measurements at
CMN, which is the AGAGE station influenced mostly by anthropogenic emissions in the Po-
Valley. During these events, observations at PDM reach mole fractions of up to 38.3 ppt (45.6 ppt
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for unfiltered data), 24% (48%) higher than HFC-152a maxima detected at CMN. Due to the fre-
quent occurrence of air masses enriched with HFC-152a, the standard deviation at PDM is 2-3 times
higher than at the 3 Central European AGAGE sites. Although mean background mole fractions at
PDM agree with the comparison sites within uncertainties (PDM: 11.2 + 1.2 ppt, JFJ: 9.3 + 0.8 ppt,
MHD: 10.0 £ 0.5 ppt, CMN: 10.1 £ 0.8 ppt), they are increased between July and October 2014
compared to the other sites, before reaching normal levels again for the rest of the campaign. As
described before, local air samples from the laboratory building below the air inlet showed in-
creased concentrations of HFC-152a (Table 6.1). Although we can’t observe a direct relationship
between local wind speeds or flow direction with the estimated background values, it is arguable if
special circumstances concerning the building structure, we are not aware of, have led to a mixing

of ambient air transported to the air inlet with HFC-152a enriched air from inside the building.

6.3  Atmospheric Inversion Method

The same transport model and inversion system was applied to the PDM data as was used for the
inverse modelling of halocarbon emissions from the Eastern Mediterranean (Chapter 5).
FLEXPART backward simulations were performed on a three-hourly basis for a release altitude of
2200 m a.s.l. for PDM. Similar to other mountain top observations, this height presents a compro-
mise between the actual station altitude and the model elevation. The atmospheric inversion was
calculated for the complete year of 2014 and the compounds HFC-134a, HFC-125 and HFC-152a
using the filtered observations from PDM (Figure 6.5) and combining these with data from the same
period at Mace Head (MHD), Jungfraujoch (JFJ) and Monte Cimone (CMN). The same Bayesian
inversion system was applied to derive the spatial distribution of annual average emissions as de-
scribed in Chapter 5. Here, the method following Stohl et al. [2009] to derive the data-mismatch
uncertainty covariance matrix (S-MS in Section 5.2.8) was chosen and no further sensitivity inver-
sions were conducted. A priori emissions were taken from UNFCCC reports for the year 2014 and
were spatially disaggregated by population density. For individual regions (see Figure 6.4 for region
definitions and inversion domain) the total a priori uncertainty was arbitrarily set to 50%, with the
exception of HFC-152a emissions from Italy, Slovenia and Croatia. In these countries HFC-152a is
only reported as part of unspecified HFC emissions and the a priori uncertainty was set to 100 %. A
priori baseline mixing ratios were taken from the REBS method [Ruckstuhl, et al., 2012] inde-
pendently applied to each site and compound (see Section 5.2.3). In order to document the added
value of the PDM observations, two sets of inversions were carried out: one including the observa-
tions from PDM and another one without these observations, only relying on data from MHD, JFJ,

and CMN. Both inversions used irregular inversion grids with the size of the grid cells inversely
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related to the FLEXPART simulated total source sensitivity. When omitting the PDM observations
from the inversion, the inversion grid was coarser resolved over the Iberian Peninsula and Southern

France.
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Figure 6.4: Indication of regions/countries for which individual emission estimates were derived (the country abbreviations follow the ISO 2-letter
country codes): United Kingdom, Ireland (UK-IR: green), Spain, Portugal (ES-PT: turquoise), France (FR: yellow), Italy (IT: blue), Switzerland,
Awustria, Liechtenstein (CH-AT-LI: purple), Belgium, Netherlands, Luxembourg (BE-NL-LU: orange), Germany, Denmark (DE-DK: red), Poland,
Czech Republic, Slovakia, Hungary (PL-CZ-SK-HU: pink), Slovenia, Croatia (SI-HR: grey).

6.4  Simulated Mole Fractions

Observed and simulated time series of three-hourly HFC-134a values showed a relatively close
agreement at all sites (Figure 6.5). Many of the observed pollution peaks were already captured by
the simulation using the a priori simulations. The Pearson correlation coefficient for the a priori
simulations was better than 0.65 for all sites and was improved after the inversion with a posteriori
simulations showing correlation coefficient between 0.7 for CMN and 0.9 for MHD (Figure 6.6).
The agreement between observations and simulations was very similar for the two mountain top
sites JFJ and PDM, whereas generally better performance was reached for the remote coastal site at
MHD (Figure 6.6). As also seen in previous inversions (see Chapter 5), the normalised standard
deviation was reduced in the a posteriori simulations and further away from the ideal value of unity
than in the a priori simulations. In combination, the increased correlation coefficient and the redu-
ced normalised standard deviation resulted in slightly reduced Taylor skill scores for the a posteriori
simulation. However, the simulated RMSE was reduced by more than 15 % at all sites, lending cre-

dibility to the inverse modelling results.
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Figure 6.5: Observed (black) and simulated (prior: red; posterior: blue) HFC-134a time series at the four sites Pic du Midi (PDM), Jungfraujoch (JFJ),
Monte Cimone (CMN) and Mace Head (MHD). Also given are the baseline mole fractions as used in the simulations (prior: light red; posterior: light
blue). Note that the y axes were scaled for each site separately. All data represent 3-hourly averages.

For HFC-125 simulations the same tendencies of the comparison statistics (improved correlation
and RMSE, slightly degraded normalised standard deviation) as for HFC-134a were achieved
(Figure 6.6). For HFC-152a and at all sites the simulation performed much worse than for the other
two HFCs. However, the performance somewhat improved through the inversion, reaching correla-
tion coefficients in the range from 0.6 to 0.7 and normalised standard deviations around 0.5 (Figure
6.6). For PDM the model performance for HFC-152a was reduced as compared with the other sites,
possibly indicating a certain degree of local pollution affecting the observations which the model
could not account for. This was already expected based on local flask samples in the laboratory

building, showing mole fractions a factor of ~100-200 higher than the atmospheric background.
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Figure 6.6: Taylor plots of the model performance for (left) HFC-134a, (centre) HFC-125, (right) HFC-152a at the four observation sites and for
(open symbols) a priori and (filled symbols) a posteriori emissions.

6.5  Regional Emission Estimates

The atmospheric inversion of HFC-134a observations resulted in generally smaller a posteriori than
a priori emissions throughout most of Western and Central Europe (Figure 6.7). In agreement with
the previous inverse modelling results for the year 2013 (Chapter 5), these reductions were especial-
ly pronounced in Germany, France and Spain (Figure 6.7). A smaller reduction from a priori to a
posteriori was established for the UK, which is in contrast to the results for 2013 when also re-
ductions by a factor of two were established for the British Isles. When comparing the inversion
results for the runs with and without PDM, the differences in the emission distribution appear small.
Although emissions were established with higher resolution for the Iberian Peninsula when using
the PDM observations, the total HFC-134a emissions from this region were essentially the same
(Figure 6.7). However, adding the observations from PDM considerably reduced the a posteriori
uncertainties for the Iberian Peninsula. Even when looking at the spatial emission distribution wi-
thin Spain, the similarities between both inversions (with and without PDM) are striking (Figure
6.8). A posteriori emissions were mostly smaller than a priori emissions except for an area west of
Madrid, which showed larger than a priori emissions in both inversions. However, the inversion
using PDM was able to allocate emission differences in much more detail as if PDM was not in-
cluded. For example, it is interesting to note that this inversion strongly reduced emission for the
grid cells containing the cities of Bilbao (northern Spanish coast) and Barcelona (north-eastern
Mediterranean coast) while increasing the emissions for the area of Zaragoza (central north-eastern
Spain). On the French side of the Pyrenees the inversion also predicted smaller emissions for the
urban areas of Toulouse, Pau and Tarbes. Total French emissions were virtually unaffected by the
use of observations from PDM.
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For HFC-125 a similar picture was observed: a posteriori emissions for the Iberian Peninsula were
very similar whether or not PDM simulations were used in the inversion (Figure 6.7 and Figure
6.8). However, there was a stronger (not significant) tendency towards lower emission from the

Iberian Peninsula when using PDM, whereas emission from France again remained unaltered.

For HFC-152a large differences were seen for the inversions including or omitting observations
from PDM (Figure 6.8). However, as indoor concentrations for HFC-152a were massively higher
than in ambient air, this could have been caused by leakages from the building and no quantitative

assessment of national sources was performed.
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Figure 6.7: Annual average emissions for different Western and Central European countries/regions for the year 2014: (top) HFC-134a, (bottom)
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represent the 1-s uncertainty of the annual average emissions.
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Chapter 7 Conclusion and Outlook

This PhD thesis addressed the detection of unmonitored halocarbons in the troposphere and the
quantitative source attribution of regional halocarbon emissions, including measurements from two

campaigns in regions previously not or poorly covered by observervations.

The aim of the first part was the application of highly sensitive analysis techniques, incorporating a
Medusa-GC-MS, to thoroughly scan the atmosphere for undetected halogenated substances
(Chapter 4).

With this approach several compounds have been detected in the atmosphere, which were not moni-
tored yet. In the course of this study research was then focused on trends and sources of HCFC-31,
which was measured for the first time in the troposphere. This compound is mainly emitted as a by-
product during the industrial production of HFC-32. Modelled global emission estimates showed an
increase of HCFC-31 emissions in the first decade after 2000, with peak emissions of 840 t yr in
2011 and declining emissions thereafter. Although these emissions are small compared to historical
emissions of major CFCs (i.e. peaking at several hundred thousand tons per year), they are im-
portant as they may have been prevented by good factory practice. Therefore, it would be desirable
to have only negligible emissions from this source and it is important not only to detect the loca-
tions where this compound is emitted, but also analyse the related production process and means for

its control.

Under the Montreal Protocol emissive uses of HCFC-31 and all other HCFCs will be banned glob-
ally. However, the emission of compounds as by-products does not count as emissive use under this
agreement. Regarding the fact, that also HCFC-133a was detected recently in the atmosphere from
the production of HFCs [Laube, et al., 2014; Vollmer, et al., 2015c], emissions during the produc-
tion of HFCs and potentially also from fourth generation HFOs are a long-term issue. As a conse-
quence, a global long-term monitoring of these and other potential halogenated by-products within

regionally representative measurement sites is required.
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In the future, the successfully applied but laborious approach used in this study could be tremen-
dously simplified by the application of newly available time-of-flight (TOF) mass spectrometers.
They not only enable the detection of all mass fragments at the same time but also with unprece-
dented mass resolution. This will allow the electronic storage of mass spectrums as digital archives
that could potentially replace most of the archiving of air in sampling canisters at observation sites.
Such data archives from representative measurement sites would be of great value for future retro-

spective studies of the atmospheric history of newly detected compounds.

In recent years, atmospheric inverse modelling methods have been introduced, allowing the esti-
mate of regional halocarbon emissions based on a combination of atmospheric observations and
atmospheric transport models. Especially Lagrangian Particle Dispersion Models (LPDMs), operat-
ed in time-inversed mode, have proved to be efficient tools to derive source sensitivities required by
the inverse modelling approach. The results of these “top-down” emission estimates not only pro-
vide insights about source regions of specified compounds but can also be used to support “bottom-
up” inventories on the national level, reported as part of international agreements such as the Mon-
treal Protocol and the Kyoto Protocol. In Chapter 5 and Chapter 6, the existing global halocarbon
measurement network (AGAGE) was supplemented with a 6-month measurement campaign in Fi-
nokalia (Crete) and a 1.5 year measurement campaign at Pic du Midi in the French Pyrenees. These
two campaigns aimed towards increasing the sensitivity of the existing network in source regions
that are currently underrepresented by the existing observation network and allowed more precise

emission estimates from the Southeastern Mediterranean and the Iberian Peninsula.

The remote, maritime location of Finokalia enabled the detection of emissions from Southeastern
European countries such as Turkey, Greece and the Balkans as well as from North Africa and the
Middle East under specific flow conditions. The addition of the observations from Finokalia to the
existing AGAGE network in the inverse estimation of emissions was able to substantially alter the a
posteriori emission results and increase their quality by reducing the a posteriori emission uncer-
tainties in the Southeastern Mediterranean. In contrast, the high-alpine measurement campaign on
Pic du Midi revealed a much smaller influence on inversely estimated emissions when combined
with the observations from the existing AGAGE sites. However, here as well smaller uncertainties

and a spatially higher resolved source attribution were achieved.

It was found that HFC emissions reported to the UNFCCC were mainly higher than our estimates,
regarding the Southeastern Mediterranean region (e.g. Greece and Turkey). Only HFC-125 and
HFC-143a emission estimates from Turkey agreed well with their inventories. A similar finding
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towards misreported “bottom-up” HFC inventories was also found for Central and Western Europe,
largely agreeing with other inverse modelling studies. This pattern was supported by the inversions
of HFC-134a and HFC-125, conducted with campaign data from Pic du Midi. HCFC emissions,
inferred from measurements at Finokalia, were shown to be a factor 2 higher for Egypt and the
Middle East on a per-capita basis compared to the other estimated regions. In the light of the HCFC
regulations of the Montreal Protocol for Article 5 countries, which recently became effective, these
results could be particularly interesting for the comparison with future halocarbon measurement

campaigns in these regions.

This part of the thesis shows that additional continuous observation sites or regular flask sampling,
extending the current AGAGE network, can help to increase the coverage and the quality of “top-
down” emission estimates on a high spatial resolution. However, the usefulness of additional mea-
surement stations is determined by their strategic placement, defined by meteorological flow pat-
terns and at large enough distances to existing observation sites and potential emission sources. Ad-
ditionally, an initial examination of local contaminations is advised to ensure minimal local in-

fluence on measurement data.

Several long-term projects with a regional focus for the estimation of emissions have recently been
devised. Examples for national projects are the Swiss Carbo Count CH and the UK-based GAUGE
networks, which are both used to estimate emissions of greenhouse gases. On a continental scale the
European ICOS network is also used to estimate greenhouse gas emissions and in the US, two-
weekly airplane flask measurements are performed by NOAA for estimating emissions of both,

greenhouse gases and ozone-depleting substances.

Although a higher spatial coverage of measurements will on its own improve “top-down” emission
estimates, additional attention has also to be given to improve transport models and inversion fra-
meworks in the future. An issue which needs to be investigated in more detail in this respect are the
different uncertainties which are introduced to the results. Currently, the uncertainty covariance
matrices describing the a priori state and the combined model-data-mismatch are rather subjectively
defined. As a consequence, the spread of possible results, provided by the use of different ap-
proaches to define those matrices, can sometimes surpass the calculated analytical uncertainty. It
would therefore be desirable to further pursue the development and thorough testing of more objec-
tive methods to quantify these introduced uncertainties, such as the application of maximum likeli-
hood methods to estimate uncertainty covariance parameters [Michalak, et al., 2005] or the recently

developed hierarchical Bayesian methods [Ganesan, et al., 2014].
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Another parameter that has to be taken into consideration is the uncertainty introduced by the trans-
port-model itself, which is used to characterize the source sensitivities. It is known, that it is particu-
larly difficult for LPDMs, driven by global meteorological models, to represent processes which are
defining transport to mountainous observation sites such as Jungfraujoch or Pic du Midi. Therefore,
the coupling of higher resolved meteorological models for certain regions with the existing LPDMs
would be desirable to ensure a better reproduction of smaller scale transport processes. Additionally
also here, a better objective quantification of transport-model uncertainties is encouraged to unders-
tand the influence of the different parameters, such as the boundary layer height on the a posteriori
result, provided by the inversion framework.

In summary, future focus should be on the spatial extension of the halocarbon measurement net-
work to avoid underrepresented regions and on an improved and more objective quantification of
uncertainties introduced to the inversely estimated results. With networks installed also in other
highly industrialized regions of the world (e.g. South-East Asia), this could ensure the detailed veri-
fication and improvement of “bottom-up” inventories, to build the necessary trust in those monito-

ring instruments, allowing for a global plan of action.
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